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Preface
Titanium alloys, due to unique physical and chemical properties (mainly high 
relative strength combined with very good corrosion resistance), are considered as 
an important structural metallic material used in hi-tech industries (e.g. aerospace, 
space technology). Their development has led to the design of several groups of 
structural alloys, including single-phase α or β alloys, two-phase α+β alloys, and 
TiAl intermetallic alloys. Undoubtedly the consumption of titanium alloys has been 
continuously increasing in recent years. Although titanium and its alloys have been 
extensively researched for over 50 years, their application potential is still high. This 
has been confirmed by numerous recent publications and books presenting new 
findings on novel application areas for titanium alloys. This book aims to provide 
information on new processing methods of single- and two-phase titanium alloys.
The eight chapters of this book are distributed over four sections. The first section 
(Introduction) indicates the main factors determining application areas of titanium 
and its alloys. In the introductory chapter, the recent trends in design of titanium 
alloys and advanced technologies used for their processing are described briefly. 
The second section (Manufacturing, two chapters) concerns modern production 
methods for titanium and its alloys.
The next section (Thermomechanical and surface treatment, three chapters) covers 
problems of thermomechanical processing and surface treatment used for single- 
and two-phase titanium alloys. The fourth section (Machining, two chapters) 
describes recent results of high-speed machining of Ti-6Al-4V alloy and the pos-
sibility of application of sustainable machining for titanium alloys.
The first chapter is the introduction. The second chapter reviews the modern 
production methods for titanium alloys. It presents the current methods used for 
modern applications. The author also discuss the future development related to the 
most probable demands of titanium and titanium alloy products.
The third chapter is devoted to two manufacturing processes intended for com-
mercially pure titanium: laser and mechanical forming. The chapter discusses the 
most important aspects related to microstructure and mechanical properties of the 
material and the level of residual stress in the elements after forming.
In the fourth chapter, bulk processing, including vacuum melting and hot working 
operations, is discussed. The sub-solvus forging is demonstrated as a method result-
ing in a superior combination of mechanical properties of beta titanium alloys. The 
chapter attempts to review the studies on manufacturing, plastic working, heat 
treatment, and surface modification of beta titanium alloys intended for aerospace 
and biomedical applications.
The fifth chapter describes the plastic flow behaviour of pseudo-alpha titanium 
alloy deformed at various temperatures and strain rates. The chapter presents 
processing maps elaborated on the basis of energy dissipation. The possibility of 
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The fifth chapter describes the plastic flow behaviour of pseudo-alpha titanium 
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superplastic deformation of the examined alloy is confirmed.
IV
The sixth chapter refers to solid-solution hardening of surface layers of titanium 
alloys (α, near-α, α+β) due to diffusional saturation in a gas medium containing 
oxygen. The authors have determined the relationship between parameters of 
surface-hardened layers (surface hardness, depth of hardened zone, microstruc-
ture) obtained by various surface hardening methods and fatigue properties of 
examined titanium alloys.
The seventh chapter deals with the high-speed micro-milling process used to 
achieve the desired surface finish without traditional coolants. The investigation 
of various tool (uncoated & PVD coated AlTiN, TiAlN tungsten carbide) wear 
behaviour in the milling process under dry cutting conditions of Ti-6Al-4V ELI 
alloy is presented. Analysis of cutting force and wear mechanisms is performed for 
examined mills.
In the eighth chapter, an analysis of the machining process of Ti-6Al-4V alloy, both 
dry and using conventional and cryogenic cooling, is presented. The assessment 
of machining sustainability is based on the following variables: cutting power, 
machining time, machining cost, material removal rate, and cutting tool life.
We hope that the recent research data and reviews presented in this book will con-
tribute to the improvement of operational properties and the increase of the range 
of applications of titanium and its alloys.
D.Sc. Maciej Motyka, Ph.D. Waldemar Ziaja and Prof. Jan Sieniawski
Department of Materials Science,
Faculty of Mechanical Engineering and Aeronautics 










Introductory Chapter: Novel 
Aspects of Titanium Alloys’ 
Applications
Maciej Motyka, Waldemar Ziaja and Jan Sieniawski
1. Introduction
Titanium is characterized by unique physical and chemical properties determin-
ing its specific applications. Since it was discovered in 1791 by William Gregor, its 
production was considered difficult and unprofitable for almost 150 years. In 1940, 
William J. Kroll developed commercially attractive production method based on the 
reduction of TiCl4 using Na or Mg. Kroll process, in substantially unchanged form, 
is still the dominant process for titanium production. Titanium sponge is remelted 
(e.g., in vacuum arc process—VAR) to the form of commercial pure (CP) titanium 
or titanium alloys. Ingots are usually primarily processed by homogenization 
annealing or plastic working in the β-phase field. Products can be manufactured by 
casting and plastic working processes [1–5].
Titanium alloys—comparing with other structural materials—are characterized 
by high relative strength in the wide temperature range and very good corrosion 
resistance in many chemically aggressive environments. Such properties create 
many possibilities of improvements of technological processes, tooling and prod-
ucts in various industry branches. The main application areas of titanium alloys 
include transportation (mainly aerospace industry), chemical, food, machine build-
ing, papermaking, electrotechnics, electronic, fuel-energetic, metallurgical indus-
tries, and also geology and medicine [6]. Mechanical properties of titanium alloys 
are developed in plastic working and heat treatment processes, causing intentional 
microstructure evolution. It should be pointed that obtaining finished products 
having desired microstructure and properties is difficult due to some of the prop-
erties of titanium alloys, such as: high chemical affinity to oxygen, low thermal 
conductivity, high heat capacity and significant dependence of plastic flow resis-
tance on strain rate. Quite often, hot-worked titanium products are characterized 
by various deformation conditions leading to formation of zones having various 
phase composition and dispersion and therefore various mechanical properties [7].
The main types of microstructure in two-phase titanium alloys are lamellar—
consisting of colonies of α-phase lamellae within β-phase grains of several hundred 
microns in diameter (formed after slow cooling when deformation or heat treatment 
takes place at a temperature above the β-transus)—and equiaxed—consisting of globu-
lar α-phase dispersed in β-phase matrix (formed after deformation in the two-phase 
α + β field). Alloys having lamellar microstructure are characterized by relatively low 
tensile ductility, moderate fatigue properties and good creep and fatigue crack growth 
resistance, whereas in case of equiaxed microstructure, materials have a better balance 
of strength and ductility at room temperature and fatigue properties [8].
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2. Perspective titanium alloys
Due to the high chemical affinity of titanium to atmospheric gases, the 
application of conventional titanium alloys at elevated temperature is limited. 
Single-phase α alloys can be used up to 600°C. Much higher heat resistance is 
achieved in intermetallic TiAl(gamma)-based alloys. They exhibit superior specific 
strength-temperature properties, comparing to classical titanium alloys, steels, and 
nickel-based superalloys, in the temperature range from 500 to 900°C. Nowadays, 
TiAl-based alloys are considered as a high-potential material for aircraft engines. 
The main problems related to their applications are low ductility and the difficulty 
in processing to form a component. Over the last 30 years, three generations of 
gamma aluminide titanium alloys have been developed and the basic concept of the 
fourth generation has been described [9].
Another important feature of titanium alloys is the low value of Young’s modulus 
(E)—from about 100 (for β-phase alloys) to 125 GPa (for α-phase alloys). Low-
Young’s modulus titanium alloys are considered as valuable biomaterials used for 
bone implants. It allows to prevent stress shielding, which usually leads to bone 
resorption and poor bone remodeling, when metal implants are used. The new gen-
eration of β-type titanium alloys composed of nontoxic and allergy-free elements, 
the so-called TNTZ alloys (e.g., Ti–29Nb–13Ta–4.6Zr), is characterized by Young’s 
modulus lower than 90 GPa [10, 11]. TNTZ alloys can exhibit the E value lower 
than 20 GPa—they are called “gum metals.” It was found that the most important 
role in terms of obtaining the outstanding mechanical properties and the unique 
deformation behavior plays the oxygen content (stabilizes the bcc crystal structure 
by controlling the martensitic transformation temperature) [12].
Some of the β-type titanium alloys seem to have potential for even broader range 
of application due to shape memory effect. Shape memory alloys (SMA), especially 
Ni-Ti alloys (Nitinols), in recent years, have been mainly applied for biomedical 
implants and devices. However, due to the risk of Ni allergy and hypersensitivity, 
their long-term use is limited. The β-type Ti-based SMA have been extensively 
studied as promising candidates for Ni-free biomedical shape memory alloys [13].
3. Advanced material technologies
Novel aspects of material applications are also related to modern manufacturing and 
processing technologies. It is worth to note about the grain refinement, which causes 
high strength increase in metallic materials. Severe plastic deformation (SPD) methods 
allow to achieve high mechanical properties in conventional titanium alloys. Pure 
nanocrystalline titanium is characterized by the strength level very close to solution-
strengthened titanium alloys (e.g., Ti-6Al-4V) [14]. Ultrafine-grained titanium alloys 
exhibit high superplastic deformability. Superplastic forming combining with diffusion 
bonding (SPF/DB) is a well-established method used in aerospace industry for the 
production of complex-shaped sheet elements made of titanium alloys [15].
Other developing processing areas are: surface engineering, joining methods 
(e.g., friction stir welding—FSW), and machining [3, 4]. Highly promising are espe-
cially additive manufacturing (AM) methods. In contrast to conventional processes 
(casting, plastic working, or expensive machining), the AM allows to produce near-
net shape structural parts—minimizing finishing techniques cost (machining) and 
achieving mechanical properties at least at the level of cast and wrought products. 
AM of titanium alloys has been used quite quickly to many applications in aerospace 
and medical industry. Titanium and its alloys are considered as ideal materials for the 
additive manufacturing industry [16].
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Modern Production Methods for 
Titanium Alloys: A Review
Hamweendo Agripa and Ionel Botef
Abstract
Titanium alloys are advanced structural materials for numerous key engineering 
applications in medicine (implants), aerospace, marine structures, and many other 
areas. The novel aspects of application potential for titanium alloys are as a result 
of their unique properties such as high corrosion resistance, high specific strength, 
low elastic modulus, high elasticity, and high hardness. This chapter examines the 
modern methods for production of titanium alloys. The goal of this chapter is to 
show the process engineers the current methods for production of titanium alloys 
necessary for modern applications. The chapter also presents the future methods of 
production for titanium and titanium alloys to meet the future demands of titanium 
and titanium alloys’ products.
Keywords: titanium, titanium alloys, production methods
1. Introduction
Titanium (Ti) is a lustrous metal with a silver color. This metal exists in two 
different physical crystalline state called body centered cubic (bcc) and hexagonal 
closed packing (hcp), shown in Figure 1 (a) and (b), respectively. Titanium has five 
natural isotopes, and these are 46Ti, 47Ti, 48Ti, 49Ti, 50Ti. The 48Ti is the most 
abundant (73.8%).
Figure 1. 
Crystalline state of titanium: (a) bcc, and (b) hcp [8].
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Titanium has high strength of 430 MPa and low density of 4.5 g/cm3, compared 
to iron with strength of 200 MPa and density of 7.9 g/cm3. Accordingly, titanium 
has the highest strength-to-density ratio than all other metals. However, titanium 
is quite ductile especially in an oxygen-free environment. In addition, titanium has 
relatively high melting point (more than 1650°C or 3000°F), and is paramagnetic 
with fairly low electrical and thermal conductivity. Further, titanium has very low 
bio-toxicity and is therefore bio-compatible. Furthermore, titanium readily reacts 
with oxygen at 1200°C (2190°F) in air, and at 610°C (1130°F) in pure oxygen, form-
ing titanium dioxide. At ambient temperature, titanium slowly reacts with water 
and air to form a passive oxide coating that protects the bulk metal from further 
oxidation, hence, it has excellent resistance to corrosion and attack by dilute sulfuric 
and hydrochloric acids, chloride solutions, and most organic acids. However, tita-
nium reacts with pure nitrogen gas at 800°C (1470°F) to form titanium nitride [1, 2].
Some of the major areas where titanium is used include the aerospace industry, 
orthopedics, dental implants, medical equipment, power generation, nuclear waste 
storage, automotive components, and food and pharmaceutical manufacturing.
Titanium is the ninth-most abundant element in Earth‘s crust (0.63% by mass) 
and the seventh-most abundant metal. The fact that titanium has most useful prop-
erties makes it be preferred material of future engineering application. Moreover, 
the application of titanium can be extended when alloyed with other elements as 
described below.
2. Titanium alloys
An alloy is a substance composed of two or more elements (metals or nonmetals) 
that are intimately mixed by fusion or electro-deposition. On this basis, titanium 
alloys are made by adding elements such as aluminum, vanadium, molybdenum, 
niobium, zirconium and many others to produce alloys such as Ti-6Al-4V and 
Ti-24Nb-4Zr-8Sn and several others [2]. These alloys have exceptional properties 
as illustrated below. Depending on their influence on the heat treating temperature 
and the alloying elements, the alloys of titanium can be classified into the following 
three types:
2.1 Type 1: the alpha (α) alloys
These alloys contain a large amount of α-stabilizing alloying elements such 
as aluminum, oxygen, nitrogen or carbon. Aluminum is widely used as the alpha 
stabilizer for most commercial titanium alloys because it is capable strengthening 
the alloy at ambient and elevated temperatures up to about 550°C. This capability 
coupled with its low density makes aluminum to have additional advantage over 
other alloying elements such as copper and molybdenum. However, the amount 
of aluminum that can be added is limited because of the formation of a brittle 
titanium-aluminum compound when 8% or more by weight aluminum is added. 
Occasionally, oxygen is added to pure titanium to produce a range of grades having 
increasing strength as the oxygen level is raised. The limitation of the α alloys of 
titanium is non-heat treatable but these are generally very weldable. In addition, 
these alloys have low to medium strength, good notch toughness, reasonably good 
ductility and have excellent properties at cryogenic temperatures. These alloys can 
be strengthened further by the addition of tin or zirconium. These metals have 
appreciable solubility in both alpha and beta phases and as their addition does 
not markedly influence the transformation temperature they are normally classi-
fied as neutral additions. Just like aluminum, the benefit of hardening at ambient 
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temperature is retained even at elevated temperatures when tin and zirconium are 
used as alloying elements.
2.2 Type 2: alpha-beta (α-β) titanium alloys
These alloys contain 4–6% of β-phase stabilizer elements such as molybdenum, 
vanadium, tungsten, tantalum, and silicon. The amount of these elements increases 
the amount of β-phase is the metal matrix. Consequently, these alloys are heat 
treatable, and are significantly strengthened by precipitation hardening. Solution 
treatment of these alloys causes increase of β-phase content mechanical strength 
while ductility decreases. The most popular example of the α-β titanium alloy is the 
Ti-6Al-4V with 6 and 4% by weight aluminum and vanadium, respectively. This 
alloy of titanium is about half of all titanium alloys produced. In these alloys, the 
aluminum is added as α-phase stabilizer and hardener due to its solution strength-
ening effect. The vanadium stabilizes the ductile β-phase, providing hot workability 
of the alloy.
2.2.1 Properties of α-β titanium alloys
The α-β titanium alloys have high tensile strength, high fatigue strength, high 
corrosion resistance, good hot formability and high creep resistance [3].
2.2.2 Novel application of α-β titanium alloys
Therefore, these alloys are used for manufacturing steam turbine blades, gas and 
chemical pumps, airframes and jet engine parts, pressure vessels, blades and discs 
of aircraft turbines, aircraft hydraulic tubing, rocket motor cases, cryogenic parts, 
and marine components [4].
2.3 Type 3: beta (β) titanium alloys
These alloys exhibit the body centered cubic crystalline form shown in Figure 1 (a). 
The β stabilizing elements used in these alloy are one or more of the following: molyb-
denum, vanadium, niobium, tantalum, zirconium, manganese, iron, chromium, 
cobalt, nickel, and copper. Besides strengthening the beta phase, these β stabilizers 
lower the resistance to deformation which tends to improve alloy fabricability during 
both hot and cold working operations. In addition, this β stabilizer to titanium compo-
sitions also confers a heat treatment capability which permits significant strengthening 
during the heat treatment process [4].
2.3.1 Properties of beta (β) titanium alloys
As a result, the β titanium alloys have large strength to modulus of elasticity 
ratios that is almost twice those of 18–8 austenitic stainless steel. In addition, these β 
titanium alloys contain completely biocompatible elements that impart exceptional 
biochemical properties such as superior properties such as exceptionally high 
strength-to-weight ratio, low elastic modulus, super-elasticity low elastic modulus, 
larger elastic deflections, and low toxicity [1, 3].
2.3.2 Novel application of beta (β) titanium alloys
The above properties make them to be bio-compatible and are excellent prospective 
materials for manufacturing of bio-implants. Therefore, nowadays these alloys are 
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largely utilized in the orthodontic field since the 1980s, replacing the stainless steel for 
certain uses, as stainless steel had dominated orthodontics since the 1960s [2].
2.4 Summary
Because of alloying the titanium achieve improved properties that make it to 
be preferred material of choice for application in aerospace, medical, marine and 
instrumentation. The extent of improvement to the properties of titanium alloys 
and ultimately the choice of area of application is influenced by the methods of 
production and processing as discussed in the subsequent sections.
3. Production of titanium
The base metal required for production of titanium alloys is pure titanium. 
Pure titanium is produced using several methods including the Kroll process. This 
process produces the majority of titanium primary metals used globally by industry 
today. In this process, the titanium is extracted from its ore rutile—TiO2 or titanium 
concentrates. These materials are put in a fluidized-bed reactor along with chlorine 
gas and carbon and heated to 900°C and the subsequent chemical reaction results 
in the creation of impure titanium tetrachloride (TiCl4) and carbon monoxide. 
The resultant titanium tetrachloride is fed into vertical distillation tanks where it 
is heated to remove the impurities by separation using processes such as fractional 
distillation and precipitation. These processes remove metal chlorides including 
those of iron, silicon, zirconium, vanadium and magnesium. Thereafter, the puri-
fied liquid titanium tetrachloride is transferred to a reactor vessel in which magne-
sium is added and the container is heated to slightly above 1000°C. At this stage, the 
argon is pumped into the container to remove the air and prevent the contamination 
of the titanium with oxygen or nitrogen. During this process, the magnesium reacts 
with the chlorine to produce liquid magnesium chloride thereby leaving the pure 
titanium solid. This process is schematically presented in Figure 2.
Figure 2. 
Kroll process for production of titanium: (a) chlorination, (b) fractional distillation [5].
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The resultant titanium solid is removed from the reactor by boring and then 
treated with water and hydrochloric acid to remove excess magnesium and magne-
sium chloride leaving porous titanium sponge, which is jackhammered, crushed, 
and pressed, followed by melting in a vacuum electric arc furnace using expendable 
carbon electrode. The melted ingot is allowed to solidify in a vacuum atmosphere. 
This solid is often remelted to remove inclusions and to homogenize its constitu-
ents. These melting steps add to the cost of producing titanium, and this cost is 
usually about six times that of stainless steel. Usually the titanium solid undergo 
further treatment to produce titanium powder required in alloying process. The 
basic methods used to produce titanium powder are summarized below.
3.1 Armstrong process
The first method is called the Armstrong process, shown in Figure 3, in which 
the powder is made as the product of extractive processes that produce primary 
metal powder. This process is capable of producing commercially pure titanium 
(Ti) powder by the reduction of titanium tetrachloride (TiCl4) and other metal 
halides using sodium (Na). This process produces powder particles with a unique 
properties and low bulk density. To improve powder properties such as the particle 
size distribution and the tap density, additional post processing activities such as 
dry and wet ball milling are applied. The narrowed particle size distributions are 
necessary for typical powder metallurgical processes. In addition, the resultant 
powder’s morphology produced by the Armstrong process provide for excellent 
compressibility and compaction properties that result in dense compacts with 
increased green strength than those produced by the irregular powders. For this 
reason, the powders can even be consolidated by traditional powder metallurgy 
techniques such as uniaxial compaction and cold isostatic pressing. Figure 4 
illustration the scanning electron microscope images of the titanium powders of the 
Figure 3. 
Illustration of the Armstrong process [5].
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halides using sodium (Na). This process produces powder particles with a unique 
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dry and wet ball milling are applied. The narrowed particle size distributions are 
necessary for typical powder metallurgical processes. In addition, the resultant 
powder’s morphology produced by the Armstrong process provide for excellent 
compressibility and compaction properties that result in dense compacts with 
increased green strength than those produced by the irregular powders. For this 
reason, the powders can even be consolidated by traditional powder metallurgy 
techniques such as uniaxial compaction and cold isostatic pressing. Figure 4 
illustration the scanning electron microscope images of the titanium powders of the 
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Armstrong process. As seen in the figure, the powder has an irregular morphology 
made of granular agglomerates of smaller particles.
3.2 The hydride-dehydride process
The hydride-dehydride (HDH) process, illustrated in Figure 5, is used to 
produce titanium powder using titanium sponge, titanium, mill products, or 
titanium scrap as the raw material. The hydrogenation process is achieved using 
a batch furnace that is usually operated in vacuum and/or hydrogen atmospheric 
conditions. The conditions necessary for hydrogenation of titanium are pressure of 
one atmospheric and temperatures of utmost 800°C. This process results in forming 
of titanium hydride and alloy hydrides that are usually brittle in nature. These metal 
Figure 5. 
Hydride-dehydride process for obtaining of titanium powders [6].
Figure 4. 
SEM micrographs of CP-Ti produced by Armstrong process [5].
15
Modern Production Methods for Titanium Alloys: A Review
DOI: http://dx.doi.org/10.5772/intechopen.81712
hydrides are milled and screened to produce fine powders. The powder is resized 
using a variety of powder-crushing and milling techniques may be used including: 
a jaw crusher, ball milling, or jet milling. After the titanium hydride powders are 
crushed and classified, they are placed back in the batch furnace to dehydrogenate 
and remove the interstitial hydrogen under vacuum or argon atmosphere and 
produce metal powder. These powders are irregular and angular in morphology and 
can also be magnetically screened and acid washed to remove any ferromagnetic 
contamination. Finer particle sizes can be obtained, but rarely used because oxygen 
content increases rapidly when the powder is finer than −325 mesh. Powder finer 
than −325 mesh also possess more safety challenges [5]. The powder can be pas-
sivated upon completion of both the hydrogenating and dehydrogenating cycles to 
minimize exothermic heat generated when exposed to air.
The hydride-dehydride process is relatively inexpensive because the hydrogena-
tion and dehydrogenation processes contribute small amount of cost to that of input 
material. The additional benefit of this process is the fact that the purity of the pow-
der can be very high, as long as the raw material’s impurities are reduced. The oxygen 
content of final powder has a strong dependence on the input material, the handling 
processes and the specific surface area of the powder. Therefore, the main disadvan-
tages of hydride-dehydride powder include: the powder morphology is irregular, and 
the process is not suitable for making virgin alloyed powders or modification of alloy 
compositions if the raw material is from scrap alloys (Figure 6) [5].
4. Conventional methods of production for titanium alloys
4.1 Powder metallurgy
Conventional sintering, shown in Figure 7, is one of the widely applied powder 
metallurgy (PM) based method for manufacturing titanium alloys. In this method, 
the feedstock titanium powder is mixed thoroughly with alloying elements men-
tioned in Section 2 using a suitable powder blender, followed by compaction of the 
mixture under high pressure, and finally sintered. The sintering operation is carried 
out at high temperature and pressure treatment process that causes the powder 
Figure 6. 
SEM micrographs of CP-Ti produced by HDH [5].
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4. Conventional methods of production for titanium alloys
4.1 Powder metallurgy
Conventional sintering, shown in Figure 7, is one of the widely applied powder 
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the feedstock titanium powder is mixed thoroughly with alloying elements men-
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Figure 6. 
SEM micrographs of CP-Ti produced by HDH [5].
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particles to bond to each other with minor change to the particle shape, which also 
allows porosity formation in the product when the temperature is well regulated. 
This method can produce high performance and low cost titanium alloy parts. The 
titanium alloy parts produced by powder metallurgy have several advantages such 
as comparable mechanical properties, near-net-shape, low cost, full dense material, 
minimal inner defect, nearly homogenous microstructure, good particle-to-particle 
bonding, and low internal stress compared with those titanium parts produced by 
other conventional processes [7].
4.2 Self-propagating high temperature synthesis
Self-propagating high temperature synthesis (SHS), shown in Figure 8, is 
another PM based process used to produce titanium alloys. The steps in this process 
include: mixing of reagents, cold compaction, and finally ignition to initiate a 
spontaneous self-sustaining exothermic reaction to create the titanium alloy [7].
Although the above PM processes are mature technologies for fabrication of 
bone implants they have difficulties of fabricating porous coatings on surfaces 
that are delicate or with complex geometries. In addition, these processes tend 
to produce brittle products because of cracks and oxides formed inside the 
materials. Further, the high costs and poor workability associated with these PM 
processes restrict their application in commercial production of bone implants. 





Powder metallurgy process [7].
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5. Advanced methods for production of titanium alloys
The definitions of advanced methods of production is the use of technological 
method to improve the quality of the products and/or processes, with the relevant 
technology being described as “advanced,” “innovative,“ or “cutting edge.” These 
technologies evolved from conventional processes some of which have been 
developed to achieve various components of titanium base alloys and aluminides. 
Atomisation processes are among the most widely used cutting edge methods for 
production of titanium alloys [5].
5.1 Atomisation
Atomisation processes are used to make alloyed titanium powders. In these pro-
cesses, the feedstock material is generally titanium, and the alloy powders produced 
are further processed typically to manufacture components using processes such as 
hot isostatic pressing (hip). As mentioned previously, it is generally believed that 
alloyed powders are not suitable for cold compaction using conventional uniaxial 
die pressing methods. Moreover, the inherent strength of the alloyed powders is too 
high, making it difficult to deform the particles in order to achieve desired green 
density. The atomisation processes produce relatively spherically shaped titanium 
alloy powders that are most suitable for additive manufacturing using techniques 
such as selective laser melting or electron beam melting. These spherical powders are 
also required for manufacturing titanium components using metal injection molding 
techniques. Typically, additive manufacturing and metal injection molding processes 
require particle sizes of powders to be in the range of 100 μm to ensure good flow-
ability of the powder during operations. However, the challenge of the atomisation 
processes usually is that powders produced tend to have a wide particle size distribu-
tion, from a few to hundreds of micrometers. Examples of atomisation processes are 
gas atomisation and plasma atomisation processes described below [5].
5.1.1 Gas atomisation process
In the gas atomisation process, shown in Figure 9, the metal is usually melted 
using gas and the molten metal is atomised using an inert gas jets. The resultant 
fine metal droplets are then cooled down during their fall in the atomisation tower. 
The metal powders obtained by gas-atomization offer a perfectly spherical shape 
Figure 9. 
Schematic diagrams of gas atomisation process [5].
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Figure 10. 
Schematic diagrams of plasma atomisation process [5].
combined with a high cleanliness level. However, even though gas atomisation is, 
generally, a mature technology, its application need to be widened after addressing 
a few issues worth noting such as considerable interactions between droplets while 
they cool during flight in the cooling chamber, causing the formation of satellite 
particles. Also, due to the erosion of atomising nozzle by the liquid metal, the 
possibility for contamination by ceramic particles is high. Usually, there may also be 
argon gas entrapment in the powder that creates unwanted voids [5].
5.1.2 Plasma atomisation process
Plasma atomisation, shown in Figure 10, uses a titanium wire alloy as the feed 
material which is a significant cost contributing factor. The titanium alloy wire, fed via 
a spool, is melted in a plasma torch, and a high velocity plasma flow breaks up the liquid 
into droplets which cool rapidly, with a typical cooling rate in the range of 100–1000°C/
s. Plasma atomisation produces powders with particle sizes ranging from 25 to 250 μm. 
In general, the yield of particles under 45 μm using the plasma wire atomisation tech-
nique is significantly higher than that of conventional gas atomisation processes [5].
6. Future methods for production of titanium alloys
The future methods for production of titanium alloys depend on the demand of 
these products and to what extend nature will be able to provide them. The demand 
for titanium alloys shall also influence the number and type of technological break-
throughs, the extent of automation, robotics’ application, the number of discoveries 
for new titanium alloys, their methods of manufacturing, and new areas of applica-
tion. Automation is an important aspect of the industry’s future and already a large 
percentage of the manufacturing processes are fully automated. In addition, automa-
tion enables a high level of accuracy and productivity beyond human ability—even 
in hazardous environments. And while automation eliminates some of the most 
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tedious manufacturing jobs, it is also creating new jobs for a re-trained workforce. 
The new generation of robotics is not only much easier to program, but also easier to 
use due to extra capabilities such as voice and image recognition during operations, 
they are capable of doing precisely what you ask them to do. The discovery of new 
titanium alloys, or innovative uses of existing ones, is essential for making progress 
in many of the technological challenges we face. This discovery can result in new 
synthesis methods of new alloy compounds and design of super alloys, theoretical 
modeling and even the computational prediction of titanium alloys. This discovery 
requires that new methods of manufacturing are developed. In light of this, “additive 
manufacturing” is being developed and this is viewed as a groundbreaking develop-
ment in manufacturing advancement that offers manufacturers powerful solutions 
for making any number of products cost-effectively and with little waste. Examples 
of additive manufacturing technologies are cold spray, 3-D printing, electron beam 
melting, and selective laser melting. To fabricate alloy surfaces using these tech-
nologies, alloying elements are mixed thoroughly in the feedstock powder and the 
fabrication processes proceed as described in the following paragraphs [7, 8].
6.1 Cold spray
Cold spray (CS) process, schematically shown in Figures 11 and 12 can deposit 
metals or metal alloys or composite powders on a metallic or dielectric substrate 
using a high velocity (300–1200 m/s) jet of small (5–50 μm) particles injected in 
a stream of preheated and compressed gas passing through a specially designed 
nozzle. The main components of a generic CS system include the source of com-
pressed gas, gas heater, powder feeder, spray nozzle assembly, and sensors for gas 
pressure and temperature. The source of compressed gas acquires the gas from 
an external reservoir, compresses it to desired pressure and delivers it into the gas 
heater. Then, the gas heater preheats the compressed gas in order to increase its 
enthalpy energy. The preheated gas is delivered into the spray nozzle assembly 
whose convergent/divergent geometry not only converts the enthalpy energy of the 
gas into kinetic energy but also mixes the metal powders with the gas proportion-
ately. The powder feeder meters and injects the powder in the spray nozzle assem-
bly. The sensors for the gas pressure and temperature are responsible for regulating 
the preset pressure and temperature of the gas stream. The powder injection point 
in the spray nozzle assembly, the gas pressure, and gas temperature distinguish the 
low pressure-CS system (LP-CS) from the high pressure CS (HP-CS). In the LP-CS 
Figure 11. 
Low pressure CS process configuration [8].
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nologies, alloying elements are mixed thoroughly in the feedstock powder and the 
fabrication processes proceed as described in the following paragraphs [7, 8].
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gas into kinetic energy but also mixes the metal powders with the gas proportion-
ately. The powder feeder meters and injects the powder in the spray nozzle assem-
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Low pressure CS process configuration [8].
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system, the feedstock powder is injected in the downstream side of the convergent 
section of the nozzle assembly, while in the HP-CS system; the powder is injected 
in the upstream side of the convergent/diverging section of the nozzle assembly as 
illustrated in Figures 11 and 12. Several other parameters which contribute towards 
the distinguishing of the CS systems are summarized in Table 1 [8].
6.2 3-D printing
3-D printing is an additive manufacturing method that applies the principle 
of adding material to create structures using computer aided design (CAD), part 
modeling, and layer-by-layer deposition of feedstock material. This cutting-edge 
technology is also called stereolithography, and is illustrated in Figure 13 [8].
In this technology, the pattern is transferred from a digital 3D model, stored 
in the CAD file, to the object using a laser beam scanned through a reactive liquid 
polymer which hardened to create a thin layer of the solid. In this manner, the struc-
ture is fabricated on the desired surface. This method was proved in the laboratory 
setup is still being integrated in commercial set-up because 3-D printing is the most 
widely recognized version of additive manufacturing. For this reason, the inven-
tors and engineers for this process have for years used machines costing anywhere 
from a few thousand dollars to hundreds of thousands for rapid prototyping of new 
products. It can be noted that all of the additive-manufacturing processes follow 
Figure 12. 
High pressure CS process configuration [8].
Table 1. 
Operation parameters for CS systems [8].
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this same basic layer-by-layer deposition principle but with slightly different ways 
such as using powdered or liquid polymers, metals, metal-alloys or other materials 




Electron beam melting method [1].
Figure 15. 
Selective laser melting method [1].
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6.3 Electron beam melting
Electron beam melting (EBM), shown in Figure 14, is one of the additive manu-
facturing processes which fabricated titanium coatings by melting and deposition 
of metal powders, layer-by-layer, using a magnetically directed electron beam. 
Though this method was proved to be successful, it has high set-up costs due to the 
requirement of high vacuum atmosphere [7].
6.4 Selective laser melting
Selective laser melting (SLM), shown in Figure 15 is the second additive manu-
facturing method for titanium alloy coatings which completely melt the powder 
using a high-power laser beam. Similarly, this method is costly because it requires 
advanced high rate cooling systems. Moreover, the fluctuations of temperatures 
during processing negatively affect the quality of the products [1].
7. Conclusion
This chapter described the titanium as a metal that exists naturally with 
two crystalline forms. The chapter highlighted the properties of titanium metal 
that influence its application. The fact that titanium has advantageously unique 
properties that can be improved by alloying with other elements makes it to be 
preferred engineering material for future application in such areas as biomedical 
implants, aerospace, marine structures, and many others. The chapter discussed 
the traditional, current and future methods necessary to produce structures using 
titanium and titanium alloys. Further, the chapter suggested “additive manufactur-
ing methods” as advanced methods for future manufacturing because they offer 
powerful solutions for making any type and number of products cost-effectively 
and with little waste. The examples of these methods are cold spray, 3-D printing, 
electron beam melting, and selective laser melting. Finally, the various processes 
used during fabrication of alloys using these methods were also presented.
© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Properties of Laser and
Mechanically Formed
Commercially Pure Grade 2
Titanium Plates
Kadephi Vuyolwethu Mjali and Annelize Botes
Abstract
The microstructure and mechanical properties of laser and mechanically formed
commercially pure grade 2 titanium plates are discussed in this chapter. The micro-
structure of the as received parent material is compared to that resulting from laser
and mechanical forming processes. Residual stress results from the two forming
processes are analysed and bring to light changes brought about by these processes
to the titanium used. The effect of the two forming processes on the mechanical
properties is discussed, and the effect of process parameters on these properties is
also argued in detail.
Keywords: laser forming, mechanical forming, residual stress, tensile testing,
hardness testing
1. Introduction
The processing of engineering materials has become a specialist field, and this
industry will continue to grow due to rising costs in raw materials which have
forced many automotive and aviation industry suppliers to invest heavily in this
field. In order to be relevant and competitive in today’s industrial world, companies
around the world are now forced to dedicate billions of dollars in profits to research
and development. Many research centres are looking at titanium as a solution to
some of the engineering challenges facing both automotive and aviation industries.
Titanium is now finding favour with companies in pursuit of savings in fuel con-
sumption and related improvements to mechanical properties. Savings in fuel con-
sumption is achieved by reducing weight on aircraft and automobiles yet still
meeting acceptable industrial norms and standards like improved structural integ-
rity on the finished product. Improvements in engine and turbine design have also
helped in the pursuit of fuel efficiency in these industries. In-depth research into
the behaviour of titanium alloys under varying loading conditions is therefore
essential in the quest to find more industrial applications of this metal. The last
century saw a major development in processing and fabricating techniques. These
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Abstract
The microstructure and mechanical properties of laser and mechanically formed
commercially pure grade 2 titanium plates are discussed in this chapter. The micro-
structure of the as received parent material is compared to that resulting from laser
and mechanical forming processes. Residual stress results from the two forming
processes are analysed and bring to light changes brought about by these processes
to the titanium used. The effect of the two forming processes on the mechanical
properties is discussed, and the effect of process parameters on these properties is
also argued in detail.
Keywords: laser forming, mechanical forming, residual stress, tensile testing,
hardness testing
1. Introduction
The processing of engineering materials has become a specialist field, and this
industry will continue to grow due to rising costs in raw materials which have
forced many automotive and aviation industry suppliers to invest heavily in this
field. In order to be relevant and competitive in today’s industrial world, companies
around the world are now forced to dedicate billions of dollars in profits to research
and development. Many research centres are looking at titanium as a solution to
some of the engineering challenges facing both automotive and aviation industries.
Titanium is now finding favour with companies in pursuit of savings in fuel con-
sumption and related improvements to mechanical properties. Savings in fuel con-
sumption is achieved by reducing weight on aircraft and automobiles yet still
meeting acceptable industrial norms and standards like improved structural integ-
rity on the finished product. Improvements in engine and turbine design have also
helped in the pursuit of fuel efficiency in these industries. In-depth research into
the behaviour of titanium alloys under varying loading conditions is therefore
essential in the quest to find more industrial applications of this metal. The last
century saw a major development in processing and fabricating techniques. These
developments were largely in part as a result of great emphasis placed in research
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and a continued search for improved methods in metal forming. This contributed to
the development in forming techniques, materials, processing and understanding of
changes a metal goes through during forming. There has always been room for
improvement in the forming of materials due to the widespread use of forming
operations in the automotive, aviation and shipbuilding industries. An in-depth
study into the effects of laser and mechanical forming processes on the mechanical
properties of commercially pure grade 2 titanium plates was conducted. This was
achieved by producing a radius of curvature of approximately 120 mm on the plates
with the aid of the mechanical forming machine. The plate samples were then
subjected to mechanical testing to evaluate changes in mechanical properties.
A Nd:YAG laser was used to replicate what had been achieved using the mechanical
forming machine to bend titanium to the same radius of curvature. It was anticipated
that this would lead to an extension of applications of laser forming and the possi-
bility of increasing strength of thin commercially pure (CP) grade 2 titanium plates
due to the heat treatment characteristics induced by the process. The laser forming
study used established parameter settings which greatly influence the microstructure
and bend radii. The intention of the study was to use both mechanical and laser
forming to bend titanium plates to a final radius of curvature of 120 mm.
2. Commercially pure grade 2 titanium
Table 1 shows the chemical composition of the titanium used in this study which
is weldable and formable and has excellent corrosion resistance properties. The
tensile and yield strength values go up with grade number for pure grades.
Titanium can be cold rolled at room temperature to above 90% reduction in
thickness without serious cracking [1]. Titanium undergoes allotropic transforma-
tion from the hexagonal close-packed (hcp) alpha phase to the body-centred cubic
(bcc) beta phase at a temperature of 883°C. At room temperature, its properties
are controlled by chemical composition and grain size. The presence of these
elements determines the nature of the alloy and its chemical properties. The density
of alpha titanium alloy falls between that of aluminium alloys (2.7 g/cm3) and steel
(7.8 g/cm3) at 4.51 g/cm3 as indicated. Due to the high-yield stress values of titanium,
which are similar to steels and twice the strength of aluminium, makes this metal a
choice in areas where weight is an important consideration [2]. An inhibiting factor
especially in the automotive industry is the cost involved in using titanium as the
main structural metal, whereas in the aviation industry, the manufacturers are able
to include the cost of titanium in the final price of their products. The physical
properties of CP titanium and properties like linear expansion coefficient, thermal
conductivity and specific heat capacity playing a major role in the laser forming
process are shown in Table 2.
2.1 Laser forming
Laser forming (LF) evolved from more mature, but less sophisticated thermo-
mechanical forming processes. Specifically, manual application of an oxyacetylene
Grade C O2 N2 Max Fe Max H Max Ti
Commercially pure titanium (as supplied) 0.005 0.155 0.009 0.04 0.003 Bal
Table 1.
Chemical composition of commercially pure grade 2 titanium in % wt.
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torch for forming steel plates for the ship building industry has been used for some
time and is seen as the precursor to LF [3].
The laser forming process has become a choice to fabricators of metallic compo-
nents and as a means of rapid prototyping and of adjusting and aligning [4]. Laser
forming is of importance to industries that previously relied on expensive stamping
dies and presses for prototype evaluations. Industry sectors making use of this
process include aerospace, automotive, shipbuilding and those in microelectronics.
The laser forming process involves no mechanical contact, which is a requisite in
mechanical forming and is considered a virtual manufacturing kind of method. The
laser forming process can be used to produce predetermined shapes. The process
results in minimal distortion on the formed components [5]. The laser forming
process can produce metallic, predetermined shapes with minimal unwanted dis-
tortion, and investigations are also ongoing in the removal of unwanted distortion
resulting from the procedure.
A successful and significant research in the laser forming of materials needs a
good understanding of thermal transfer concepts as they play a crucial role in the
process. Concepts like conduction and thermal radiation need to be understood
fully to balance all the process variables. Thermal radiation is the transfer of
energy by electromagnetic waves, whereas thermal conductivity, on the other
hand, is the property a material possesses indicating its ability to conduct heat.
Thermal conductivity of titanium is lower than most competing metals like steel,
magnesium and aluminium. This means that in order to cause changes in the
microstructure, a higher intensity of heat would have to be emitted by the heat
source and in this scenario by the laser. The ability of the plate material to absorb
and transfer heat is the major underlying factor. This factor plays a major role in
the forming of plates as the effect of conduction affects the microstructure, thereby
influencing the mechanical properties. The heat flux (power density), which
plays a considerable role in the laser forming process, is the amount of energy





where q is the heat flux, Q is the laser beam power (W), r is the beam radius
(m), and π is the constant.
According to Ion et al., a large number of variables influence the interaction
between a laser beam and a material; over 140 variables can be identified for
welding alone. In this instance, the power density will be considered when a beam is
switched on. The heat flow becomes steady state, and the energy absorbed by the
surface is balanced by that conducted heat into the plate, and the temperature field
becomes constant. The principal process variables are the beam power, the beam
radius and material properties. The power density can be increased four times by























8.36 � 10�6 K�1 14.99 W/m.K 523 J/kg.K 5.6 � 10�7
Ohm.m
882.5°C 115 GPa 44 GPa 0.33 4.51 g/cm3
Table 2.
Physical properties of pure titanium.
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group is identified, a smaller subset of experiments can be undertaken to establish
that the power density determines the peak surface temperature attained. These
factors determine the principal mechanism of thermal interaction—which could
either be heating, melting or vaporisation [6]. The laser powers used, the thermal
conductivity, the line energy, scanning velocities, beam interaction time and also
the heat flux (power density) generated during the laser forming process are all
shown in Table 3.
Power and scanning velocities were adjusted during the preparation of plate
specimens used in this study and the other given parameters resulted from these
adjustments (beam interaction time, heat flux and thermal gradient). The heat flux
formula was considered for analysis in order to understand the concepts involved in
this process. The laser power ranged from 1.5 to 3.5 kW for the specimens evalu-
ated, and an increase in power resulted in an increase to the heat flux and line
energy generated. With the arrangement used, the samples are not clamped in any
way, and the line heating application alternates in succession from each end incre-
mentally moving towards the centre of the plate. The open mould method shown in
Figure 1 was used in the laser forming of the CP grade 2 titanium plates.
The beam interaction time was an important factor in the analysis of the




The variables 2rb and v represent the beam radius and the scanning velocity,
respectively. The power density, beam radius and beam interaction time play a
considerable role as they determine whether the material will be cut, welded, melted
or hardened. The heat flow in laser processing can be complex, but for many
processes it may be approximated to three fundamental conditions: steady state,
transient or quasi-steady state. Fourier’s first law describes steady state conditions as
F ¼ �λΔT (3)
where F is the heat flux (W/m2), ΔT is the thermal gradient (K/m), and λ is the
thermal conductivity (W/m.K). In this state, the temperature field does not change
with time at a location in a material. The thermal gradient is a physical quantity that
describes in which direction and at what rate the temperature changes most rapidly
around a particular location. The thermal gradient can lead to different amounts of
contraction in different areas, and if residual tensile stresses become high enough,
flaws may propagate and cause failure. A lower thermal gradient may cause bending
in other engineering materials but due to differing thermal conductivities may not
work in other materials. This means that each engineering material needs to be
isolated in the analysis of its physical properties. For example, what may work for
steel may not be applicable to titanium due to different thermal conductivities of
the two materials. Line energy is a concept used by engineers and scientists in laser
forming to control bending characteristics of plates. According to Magee, the
energy input to the sheet-metal surface critically affects the nature of the process
and forming mechanisms which take place [7].
The line energy specified by Magee is a function of laser power and the scanning
velocity. In determining the process parameters for the experimental exercise, four
sets of power levels believed to result in the desired curvature were chosen and are
listed in Table 3 and discussed here. The laser forming process produces large
thermal gradients that could either bend or shorten the material. The bending or
shortening of the material is a result of the line energy produced by the laser and is
given by the formula
28
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where P represents laser power in Watts (W) and v represents the scanning
velocity in metres per minute, respectively. Line energy is the most important
variable in the laser forming process. It was also decided to determine what influ-
ence the variation in power levels would have on the microstructure and the
mechanical properties of titanium [8]. There is a widespread belief that a line
energy threshold must be exceeded in order to commence with permanent defor-
mation by the temperature gradient method (TGM) [9]. A line energy of 90 kJ/m
was considered after unsuccessful attempts to bend samples at a power of 1.5 kW
where the line energies of 35 and 47 kJ/m, respectively, were used. For powers
ranging from 2.5 to 3.5 kW, the line energy was kept constant at 90 kJ/m, and the
scanning velocities were adjusted to suit the required line energy, in this instance
90 kJ/m.
The prime pocket monitor shown in Figure 2 was used in this study to measure
the laser power projected on the surface of titanium specimens. Readings were
taken to fully understand the incident power hitting the titanium plate surface. As
an example for a laser power setting of 3500 W, the pocket monitor reader would
show 3250W. This value indicates a 10% loss in power on the irradiated sample [8].
This assisted in understanding and acknowledging the presence of losses in laser
irradiation in material processing. For the purpose of this study, the losses were
ignored and not taken into consideration in the analysis.
2.2 Mechanical forming
Metals are used extensively as engineering materials in part because of their
ability to deform plastically. Various forming processes are used to form
Figure 1.
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engineering materials to desired shapes and sizes. These forming operations gener-
ally occur after the metal is cast, so it is important to understand how forming
operations interact with pre-existing casting defects. Most metal forming operations
reduce the severity of casting defects, such as microporosity, and break up coarse
particles, such as non-metallic inclusions, that form during solidification. The mat-
ing die method was used to bend titanium alloy plates to the desired radius of
curvature. The mating die method of stretch-draw forming involves an upper and
lower die block mounted in a hydraulic press bed. The workpiece is securely held in
tension by movable grippers. Yield stress of the finished part may be increased as
much as 10% by the stretching and cold working operations. Shown in Figure 3 is
how the bending of titanium plates was achieved using the mechanical forming
machine and also the resulting shape.
The objective of this study was to bend a flat plate of titanium to a radius of
120 mm, and this would help in understanding the principles behind the mechanical
forming process. The study also aimed at comparing mechanical to laser forming
with regard to the microstructure and mechanical properties of the material and any
changes that happen thereafter as a result of both forming operations.
2.3 Tensile test
The mechanical properties of CP grade 2 titanium alloy vary with its grade as
indicated in Table 4. CP grade 2 titanium plate specimens were evaluated according
to the American Society for Testing and Materials (ASTM) E8/E8M test method.
The tensile test was performed on the parent material (CP grade 2 titanium plates)
in accordance with ASTM E8, using the Hounsfield machine.
The resulting data were made available using computer software of the machine.
The table shows average values taken from both the transverse and longitudinal
directions of the plate. The ultimate tensile strength (the maximum engineering
stress in tension that may be sustained without fracture) is given as 452 MPa, the
yield 338 MPa and a percentage elongation of 28%.
Figure 3.
Mechanical forming.
Alloy E (GPa) δ 0.2 (MPa) UTS (MPa) Elongation (%)
Grade 1 105 170 240 24
Grade 2 105 275 345 20
Grade 2 (current study) 105 338 452 28
Grade 3 105 380 445 18
Grade 4 105 480 550 15
Table 4.
Mechanical properties of CP grade 2 titanium alloy.
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how the bending of titanium plates was achieved using the mechanical forming
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2.4 Microstructure
Figure 4 shows microstructures from the parent material specimens, and this
material has equiaxed α-grains usually developed by annealing cold-worked alloy
above recrystallization temperature. The microstructure has shown results from the
manufacturing process of CP grade 2 titanium, which cannot be altered in the plates
without the addition of heat or cold deformation processes.
The microstructure of mechanically formed plates contains the same equiaxed
alpha grains found in the parent material. Mechanical forming produces no heat,
and therefore the similarities in microstructure are to be expected. There were no
major changes to the microstructure as a result of this process when compared to
the as received material [10]. The microstructure of a mechanically formed plate is
shown in Figure 5.
Figure 6 shows the fine structure of titanium from the plates irradiated at a
power of 1500 W using line energies of 35 and 47 kJ/m, respectively. There is a
variation in the depth of the heat-affected zone (HAZ) for both line energies [10].
The unaffected material in both cases has equiaxed α-grains similar to those in the
parent material. Based on microstructural observations, it becomes clear that the
temperature generated at 35 kJ/mwas less than that generated at 47 kJ/m as it could
Figure 4.
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not penetrate as deep to effect changes deeper in the microstructure away from the
laser-irradiated surface.
The resulting microstructure from a line energy of 35 kJ/m points to a higher
scanning velocity. The thermal energy from the laser managed to effect changes to a
quarter of the plate’s thickness [10]. The cycle took around 18 minutes to irradiate
all the 10 plates in each batch at this power and line energy setting. The laser
forming process resulted in a semi-circular-shaped heat-affected zone in the lower
line energies (35 and 47 kJ/m). The area not affected by the heat in both cases
shows smaller grains than those in the heat-affected zone. Grain size depends
largely on temperature attained during the laser forming process, and grain growth
proceeds more quickly as temperature increases. All the figures shown clearly reveal
the influence of temperature on the microstructure, and the portion affected by
laser energy has grains which are much bigger than those not affected by heat [10].
This is the reason why there is variation in the microstructures.
Figure 7 shows a major change in the microstructure of CP grade 2 titanium
plates with enlarged primary α-grains and enlarged β-grains (2.5 kW). The struc-
ture consists of much bigger equiaxed alpha grains in the structure. The resulting
microstructure is a result of thermal energy developed by the process parameters on
the plates irradiated. Thermal energy is the main initiator in microstructural layout
in all the laser formed plates. The microstructure managed to change only halfway
through the plate which explains why there was minimal bending on the plates
irradiated. Alpha titanium is cooling rate sensitive as seen by differences between
the top section (laser-facing side) and the middle section. The microstructure
Figure 6.
Microstructure of laser formed plates [1.5 kW, 35 and 47 kJ/m].
Figure 7.
Microstructure of a laser formed plate [2.5 kW, 90 kJ/m] [10].
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laser-irradiated surface.
The resulting microstructure from a line energy of 35 kJ/m points to a higher
scanning velocity. The thermal energy from the laser managed to effect changes to a
quarter of the plate’s thickness [10]. The cycle took around 18 minutes to irradiate
all the 10 plates in each batch at this power and line energy setting. The laser
forming process resulted in a semi-circular-shaped heat-affected zone in the lower
line energies (35 and 47 kJ/m). The area not affected by the heat in both cases
shows smaller grains than those in the heat-affected zone. Grain size depends
largely on temperature attained during the laser forming process, and grain growth
proceeds more quickly as temperature increases. All the figures shown clearly reveal
the influence of temperature on the microstructure, and the portion affected by
laser energy has grains which are much bigger than those not affected by heat [10].
This is the reason why there is variation in the microstructures.
Figure 7 shows a major change in the microstructure of CP grade 2 titanium
plates with enlarged primary α-grains and enlarged β-grains (2.5 kW). The struc-
ture consists of much bigger equiaxed alpha grains in the structure. The resulting
microstructure is a result of thermal energy developed by the process parameters on
the plates irradiated. Thermal energy is the main initiator in microstructural layout
in all the laser formed plates. The microstructure managed to change only halfway
through the plate which explains why there was minimal bending on the plates
irradiated. Alpha titanium is cooling rate sensitive as seen by differences between
the top section (laser-facing side) and the middle section. The microstructure
Figure 6.
Microstructure of laser formed plates [1.5 kW, 35 and 47 kJ/m].
Figure 7.
Microstructure of a laser formed plate [2.5 kW, 90 kJ/m] [10].
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formed as a result of the heat and cooling rate is not the same throughout the sample
as witnessed on the as supplied parent plate. There are differences in microstructure
between the top, the middle and bottom sections of the plate samples.
On the section of the plate closest to the source of laser irradiation and as
thickness of the plate increases, the effect of thermal energy diminishes. The dif-
ferent microstructures shown are also an indication of different hardness values.
The forming parameters at this power level led to plastic deformation on the laser-
facing side. Before getting to plastic deformation, the grains were similar to those of
the as received material (parent and mechanically formed plates). The scanning
velocity used here happens to be the lowest in this study. The low scanning speed
meant that the laser got more time to effect changes per unit area of the material
resulting in the microstructure shown. The cooling of the plates also contributed to
the microstructure. All the plates were naturally cooled. Thermal measurements
have also shown the effect of the scanning velocity on the material. In multiple scan
scenarios, each scan effects change on the microstructure. Differences in micro-
structure are brought about by the laser intensity power of 2.5 kW which makes a
significant change in the microstructural layout [10].
Figure 8 also shows the microstructure of a sample irradiated at 3 kW, and with
this plate an increase in power results in gradual change to the microstructure of
titanium. The microstructure has much bigger equiaxed-α (alpha) and (beta) β-
grains compared to a power of 2.5 kW and the supplied parent material. The initial
microstructure has an effect on the mechanical properties of titanium. During the
process, changes in temperature affect the microstructure which in turn influences
the mechanical properties of titanium. The changes in temperature and cooling
rates also play a role in resulting mechanical properties. The high temperatures
attained effected the top and bottom sections of the plates. An increase in power
from 2500 to 3000 Wmeant that scanning speeds had to be adjusted in order to get
to a line energy of 90 kJ/m. This reduced the time taken to irradiate the batch of
samples. The heat flux increases by about 18% when the power is adjusted to
3000W. There was also a reduction of 18% to the process time. The changes in heat
flux indicate higher temperatures on the plate surface [10]. The alpha and beta
grains are bigger closer to the centre of the irradiated plates and elongated closer to
the laser-facing surface. The thermal energy generated resulted in different micro-
structures between the top and bottom halves of the sample. It should also be
eminent that with an increase in power from 2.5 to 3 kW, there is a reduction in
time taken to achieve irradiating the plate samples. The altering of power from 2.5
to 3 kW results in an 18% increase in the amount of heat flux generated and a 19%
Figure 8.
Microstructure of a laser formed plate [3 kW, 90 kJ/m] [10].
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increase in scanning velocity. The change in scanning speed was done to achieve a
line energy of 90 kJ/m and resulted in the decline of process time by 18%. These
numbers show that changes in the microstructure are to be expected as the new heat
flux generated amounts to higher temperatures on the surface of the plate. In as
much as cooling rates determine the resulting microstructure on titanium alloys, the
processing temperatures also play an important role as well [10].
Figure 9 shows the microstructure layout as a result of laser forming at the
highest power setting. The grains from this setting were the biggest in all the plates
evaluated in this study. Twin bands can be seen throughout the microstructure of
the plate. All sections of the plate had different grain sizes attesting to different
cooling rates in the plate. The surface facing the laser did not cool down at the same
time as the opposite side of the plate [10]. Acicular alpha can also be seen on the
side opposite the laser-irradiated surface. The complete laser irradiation for these
samples took about 20 minutes, which explains the changes in the microstructure
when compared to a power of 2.5 and 3 kW, respectively. Changing the power from
2500 to 3000 W resulted in a 40% increase in heat flux. The heat flux increased by
16% from a power of 3000–3500W. This means that by changing the power values,
there was a related increase in the heat transferred per unit area, per unit time.
These changes contributed to changes in the accompanying microstructure and
mechanical properties. The study on the microstructure and mechanical properties
helped in understanding the behaviour of titanium in different forming scenarios.
The information gathered also made it easier to analyse the hardness results.
2.5 Hardness
The hardness number is a resistance for the local plastic deformation, and the
hardness is closely related to residual stresses [9]. The average Vickers hardness
obtained for the parent material is 160  5Hv0.3, and whilst the average hardness
number for the parent material is higher than that obtained in mechanically formed
samples, the laser formed specimens show higher values. The average hardness
results of the mechanically and laser formed CP grade 2 titanium specimens are
shown in Table 5.
Mechanically formed plates did not behave like laser formed samples as there
was a slight increase in hardness moving away from the top section resulting in an
average hardness of 130  5Hv0.3. This is a result of changes in the material
structure caused by the die during mechanical forming. The microstructure of
plates irradiated at 1.5 kW (35 kJ/m) indicate that heat energy could only penetrate
Figure 9.
Microstructure of a laser formed plate [3.5 kW, 90 kJ/m] taken from the top surface.
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formed as a result of the heat and cooling rate is not the same throughout the sample
as witnessed on the as supplied parent plate. There are differences in microstructure
between the top, the middle and bottom sections of the plate samples.
On the section of the plate closest to the source of laser irradiation and as
thickness of the plate increases, the effect of thermal energy diminishes. The dif-
ferent microstructures shown are also an indication of different hardness values.
The forming parameters at this power level led to plastic deformation on the laser-
facing side. Before getting to plastic deformation, the grains were similar to those of
the as received material (parent and mechanically formed plates). The scanning
velocity used here happens to be the lowest in this study. The low scanning speed
meant that the laser got more time to effect changes per unit area of the material
resulting in the microstructure shown. The cooling of the plates also contributed to
the microstructure. All the plates were naturally cooled. Thermal measurements
have also shown the effect of the scanning velocity on the material. In multiple scan
scenarios, each scan effects change on the microstructure. Differences in micro-
structure are brought about by the laser intensity power of 2.5 kW which makes a
significant change in the microstructural layout [10].
Figure 8 also shows the microstructure of a sample irradiated at 3 kW, and with
this plate an increase in power results in gradual change to the microstructure of
titanium. The microstructure has much bigger equiaxed-α (alpha) and (beta) β-
grains compared to a power of 2.5 kW and the supplied parent material. The initial
microstructure has an effect on the mechanical properties of titanium. During the
process, changes in temperature affect the microstructure which in turn influences
the mechanical properties of titanium. The changes in temperature and cooling
rates also play a role in resulting mechanical properties. The high temperatures
attained effected the top and bottom sections of the plates. An increase in power
from 2500 to 3000 Wmeant that scanning speeds had to be adjusted in order to get
to a line energy of 90 kJ/m. This reduced the time taken to irradiate the batch of
samples. The heat flux increases by about 18% when the power is adjusted to
3000W. There was also a reduction of 18% to the process time. The changes in heat
flux indicate higher temperatures on the plate surface [10]. The alpha and beta
grains are bigger closer to the centre of the irradiated plates and elongated closer to
the laser-facing surface. The thermal energy generated resulted in different micro-
structures between the top and bottom halves of the sample. It should also be
eminent that with an increase in power from 2.5 to 3 kW, there is a reduction in
time taken to achieve irradiating the plate samples. The altering of power from 2.5
to 3 kW results in an 18% increase in the amount of heat flux generated and a 19%
Figure 8.
Microstructure of a laser formed plate [3 kW, 90 kJ/m] [10].
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increase in scanning velocity. The change in scanning speed was done to achieve a
line energy of 90 kJ/m and resulted in the decline of process time by 18%. These
numbers show that changes in the microstructure are to be expected as the new heat
flux generated amounts to higher temperatures on the surface of the plate. In as
much as cooling rates determine the resulting microstructure on titanium alloys, the
processing temperatures also play an important role as well [10].
Figure 9 shows the microstructure layout as a result of laser forming at the
highest power setting. The grains from this setting were the biggest in all the plates
evaluated in this study. Twin bands can be seen throughout the microstructure of
the plate. All sections of the plate had different grain sizes attesting to different
cooling rates in the plate. The surface facing the laser did not cool down at the same
time as the opposite side of the plate [10]. Acicular alpha can also be seen on the
side opposite the laser-irradiated surface. The complete laser irradiation for these
samples took about 20 minutes, which explains the changes in the microstructure
when compared to a power of 2.5 and 3 kW, respectively. Changing the power from
2500 to 3000 W resulted in a 40% increase in heat flux. The heat flux increased by
16% from a power of 3000–3500W. This means that by changing the power values,
there was a related increase in the heat transferred per unit area, per unit time.
These changes contributed to changes in the accompanying microstructure and
mechanical properties. The study on the microstructure and mechanical properties
helped in understanding the behaviour of titanium in different forming scenarios.
The information gathered also made it easier to analyse the hardness results.
2.5 Hardness
The hardness number is a resistance for the local plastic deformation, and the
hardness is closely related to residual stresses [9]. The average Vickers hardness
obtained for the parent material is 160  5Hv0.3, and whilst the average hardness
number for the parent material is higher than that obtained in mechanically formed
samples, the laser formed specimens show higher values. The average hardness
results of the mechanically and laser formed CP grade 2 titanium specimens are
shown in Table 5.
Mechanically formed plates did not behave like laser formed samples as there
was a slight increase in hardness moving away from the top section resulting in an
average hardness of 130  5Hv0.3. This is a result of changes in the material
structure caused by the die during mechanical forming. The microstructure of
plates irradiated at 1.5 kW (35 kJ/m) indicate that heat energy could only penetrate
Figure 9.
Microstructure of a laser formed plate [3.5 kW, 90 kJ/m] taken from the top surface.
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to a third of the depth of the sample (changing a small portion of the microstruc-
ture). Due to the low amount of heat generated, there was a minor change in the
microstructure, and this translated to minimal changes in the hardness values. The
increase in line energy from 35 to 47 kJ/m also contributed to an increase in
hardness. The increase in hardness values could be traced back to the change in the
size of the microstructure grains when compared with the parent material [10].
On examining the microstructure of specimen irradiated at 47 kJ/m (1.5 kW),
the change in the structure is more remarkable than the plate samples irradiated at
35 kJ/m (1.5 kW). The processing speed at 47 kJ/m was slower, making it possible
for the laser to effect changes on the microstructure on a much improved scale
resulting in a bigger heat-affected zone. Values obtained at this power level and line
energy are higher than those obtained from a line energy of 35 kJ/m. These values
also show the importance of thermal energy in the laser forming process. The power
of 2.5 kW had the highest average hardness values in all the plate samples evalu-
ated. This could be linked to the low scanning velocity at this power level. More heat
was dissipated per unit area per unit time resulting in the high hardness values.
Hardness values obtained at a power of 2500 W had high values than that of the
parent material. Process parameters at this power level proved to be the optimum
settings for this study. For those engineering applications in need of improved
hardness properties on this grade of titanium, these settings could be used. The
optimum settings resulted in the highest value of Vickers hardness in this study at
410Hv0.3. The hardness value obtained shows a 100% increase in hardness when
compared to both the parent and mechanically formed plates [10].
The reduction in hardness values at this power setting could be traced back to
the grain structure found in samples irradiated. The microstructure contained acic-
ular alpha and beta phases which have a significant effect on the mechanical prop-
erties of titanium. An average Vickers hardness value of 349Hv0.3 was obtained at
this power setting, and it was the lowest on the samples evaluated. Plates irradiated
at 3000 W had the hardness value of 349Hv0.3 in plates formed at a line energy of
90 kJ/m. The same plates showed a marked improvement in hardness at the middle
section of the plates. The forming process effected physical changes on the surface
of the plates. These changes translated to changes in the hardness of the material.
The results show an improvement of more than 100% when compared with the as
received material. These changes also made the material hard to polish during the
preparation of residual stress samples [10].
A hardness value of 311Hv0.3 was obtained at a power setting of 3500W. This is
the third highest value in samples irradiating a line energy of 90 kJ/m. The size of
grains and their structure were different when compared to other laser formed
plates. Readings taken from the top section of the laser-irradiated side indicate a
considerable increase in the average hardness of titanium. An average Vickers
hardness value of 311Hv0.3 was obtained from the top section which indicates a
40% increase in the hardness of titanium. The Vickers hardness readings taken
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Table 5.
Hardness profile of laser and mechanically formed plate samples.
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those obtained from the parent plate by a bigger margin. The improvement in
hardness as a result of the laser forming process could help in the preparation
of titanium for other engineering applications in need of hardened titanium
plates [10].
2.6 Residual stress
The graphs plotted from the analysed plates were a result of residual stress
information gathered by the MTS3000 machine on each plate sample evaluated.
Comparisons are made between the plates based on the graphs obtained. The
relieved strain from the parent material differs to that obtained from other evalu-
ated plates. Figure 10 shows relieved strain measured on the parent material, and all
the micro-strain values (ɛ1, ɛ2, ɛ3) show a slight reduction in strain as the depth of
the hole increases.
The parent material shows minimum values in both residual stress and strain.
Even when the drill depth increases, residual stress and strain remain constant. The
graph obtained is totally different when compared to other plates evaluated in this
study. With the other power levels in laser formed plates, there were changes in
residual stress and strain with changes in drill depth [8]. This figure also shows an
even distribution of residual strains on the material, and, unlike the laser formed
plates, it seems possible that the temperature gradient on the parent plates during
fabrication was not steep. The residual strains are not modified in any way but
result from the manufacturing procedure used to produce titanium. The other
forming operations witnessed in the study show a marked change to the residual
stress/strain distribution. Residual stress from as received parent material shows
steep residual stress versus drill depth gradient. The gradient is typical of stress
induced by the manufacturing process. Surface residual stress is of high importance
to mechanical design engineers as they show areas of high residual stress. The high
residual stress areas help contribute to fatigue failure of the material [8]. All values
obtained in the analysis of residual stress and strain of CP grade 2 titanium plates
are shown in Table 6, and results obtained allude to the performance of these plates
during fatigue testing.
The readings obtained from the parent material form the base for the analysis of
residual stress, and strain results for the forming process utilised in this study.
Results from the parent material show a difference between the maximum and
minimum stresses of 12.9 MPa which is tensile. The stress values also give an
indication as to why the parent material performed better than other plates during
fatigue testing. The laser formed plates showed higher values of stress than both
mechanically formed and the parent materials. The effect of these stresses is
Figure 10.
Relieved strain (A) and stress (B) for parent material.
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to a third of the depth of the sample (changing a small portion of the microstruc-
ture). Due to the low amount of heat generated, there was a minor change in the
microstructure, and this translated to minimal changes in the hardness values. The
increase in line energy from 35 to 47 kJ/m also contributed to an increase in
hardness. The increase in hardness values could be traced back to the change in the
size of the microstructure grains when compared with the parent material [10].
On examining the microstructure of specimen irradiated at 47 kJ/m (1.5 kW),
the change in the structure is more remarkable than the plate samples irradiated at
35 kJ/m (1.5 kW). The processing speed at 47 kJ/m was slower, making it possible
for the laser to effect changes on the microstructure on a much improved scale
resulting in a bigger heat-affected zone. Values obtained at this power level and line
energy are higher than those obtained from a line energy of 35 kJ/m. These values
also show the importance of thermal energy in the laser forming process. The power
of 2.5 kW had the highest average hardness values in all the plate samples evalu-
ated. This could be linked to the low scanning velocity at this power level. More heat
was dissipated per unit area per unit time resulting in the high hardness values.
Hardness values obtained at a power of 2500 W had high values than that of the
parent material. Process parameters at this power level proved to be the optimum
settings for this study. For those engineering applications in need of improved
hardness properties on this grade of titanium, these settings could be used. The
optimum settings resulted in the highest value of Vickers hardness in this study at
410Hv0.3. The hardness value obtained shows a 100% increase in hardness when
compared to both the parent and mechanically formed plates [10].
The reduction in hardness values at this power setting could be traced back to
the grain structure found in samples irradiated. The microstructure contained acic-
ular alpha and beta phases which have a significant effect on the mechanical prop-
erties of titanium. An average Vickers hardness value of 349Hv0.3 was obtained at
this power setting, and it was the lowest on the samples evaluated. Plates irradiated
at 3000 W had the hardness value of 349Hv0.3 in plates formed at a line energy of
90 kJ/m. The same plates showed a marked improvement in hardness at the middle
section of the plates. The forming process effected physical changes on the surface
of the plates. These changes translated to changes in the hardness of the material.
The results show an improvement of more than 100% when compared with the as
received material. These changes also made the material hard to polish during the
preparation of residual stress samples [10].
A hardness value of 311Hv0.3 was obtained at a power setting of 3500W. This is
the third highest value in samples irradiating a line energy of 90 kJ/m. The size of
grains and their structure were different when compared to other laser formed
plates. Readings taken from the top section of the laser-irradiated side indicate a
considerable increase in the average hardness of titanium. An average Vickers
hardness value of 311Hv0.3 was obtained from the top section which indicates a
40% increase in the hardness of titanium. The Vickers hardness readings taken
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those obtained from the parent plate by a bigger margin. The improvement in
hardness as a result of the laser forming process could help in the preparation
of titanium for other engineering applications in need of hardened titanium
plates [10].
2.6 Residual stress
The graphs plotted from the analysed plates were a result of residual stress
information gathered by the MTS3000 machine on each plate sample evaluated.
Comparisons are made between the plates based on the graphs obtained. The
relieved strain from the parent material differs to that obtained from other evalu-
ated plates. Figure 10 shows relieved strain measured on the parent material, and all
the micro-strain values (ɛ1, ɛ2, ɛ3) show a slight reduction in strain as the depth of
the hole increases.
The parent material shows minimum values in both residual stress and strain.
Even when the drill depth increases, residual stress and strain remain constant. The
graph obtained is totally different when compared to other plates evaluated in this
study. With the other power levels in laser formed plates, there were changes in
residual stress and strain with changes in drill depth [8]. This figure also shows an
even distribution of residual strains on the material, and, unlike the laser formed
plates, it seems possible that the temperature gradient on the parent plates during
fabrication was not steep. The residual strains are not modified in any way but
result from the manufacturing procedure used to produce titanium. The other
forming operations witnessed in the study show a marked change to the residual
stress/strain distribution. Residual stress from as received parent material shows
steep residual stress versus drill depth gradient. The gradient is typical of stress
induced by the manufacturing process. Surface residual stress is of high importance
to mechanical design engineers as they show areas of high residual stress. The high
residual stress areas help contribute to fatigue failure of the material [8]. All values
obtained in the analysis of residual stress and strain of CP grade 2 titanium plates
are shown in Table 6, and results obtained allude to the performance of these plates
during fatigue testing.
The readings obtained from the parent material form the base for the analysis of
residual stress, and strain results for the forming process utilised in this study.
Results from the parent material show a difference between the maximum and
minimum stresses of 12.9 MPa which is tensile. The stress values also give an
indication as to why the parent material performed better than other plates during
fatigue testing. The laser formed plates showed higher values of stress than both
mechanically formed and the parent materials. The effect of these stresses is
Figure 10.
Relieved strain (A) and stress (B) for parent material.
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therefore evident in fatigue testing and is documented in the results obtained [8].
The mechanical forming process resulted in minor changes to the relieved stress and
strain, when compared to the parent material results. The mechanical forming
process rearranges the residual stress and strain in the parent material. The term
rearrange is applicable in this scenario as the material had residual stress within,
prior to both forming processes. Some engineering applications encourage the
presence of residual stresses within the material. The changes in residual stress are
due to physical changes in the material as a result of laser and mechanical forming.
Manufacturing processes introduce residual stress into mechanical parts, thereby
influencing fatigue behaviour. The influence of all the forming operations is well
documented in the analysis of fatigue results. The only difference between these
processes is the intensity at which each forming process transpires. There are
variations from process to process as witnessed in this study between mechanical
and laser forming processes. After the attainment of maximum stress, there is a
reduction in stress as the depth increases [8].
The mechanically formed plates had higher residual stress values than the parent
material at 41 MPa. This is a 54% increase in stress when compared to the parent
material. The difference in stress between maximum and minimum stresses was
38 MPa, a 66% improvement when compared to the parent material. These results
had an influence on the fatigue results of the material. The graphs also show
changes in residual stress with each forming process. There are similarities in
residual stress between the parent material and the mechanically formed plates. The
stress peaks at about 0.5 and 0.7 mm and then taper as maximum depth is
approached. Based on results obtained from the parent material, forming moves the
location of maximum and minimum principal stress closer to the surface. The low
line energies had minimum effect on the residual stress distribution in the titanium
plates [8] (Figure 11).
On the laser formed plates, there is a relative increase in the strain relaxation
curve when compared to the parent and mechanically formed plates. In laser
formed plates due to the physical changes in the material, there is a modification in
the residual stress and strain due to phase transformation. The phase transformation
is due to the intense heat from the laser and effects of the temperature gradient
mechanism [8]. As witnessed on other laser formed plates, there is an increase in
relieved strain as the line energy increases. The effect of deformation compatibility,
as a result of internal stresses, is evident on the laser formed plates, and unlike







ε1 ε2 ε3 ε1 ε2 ε3 σ1 σ2
Parent material 39, 37 32 9.6 9.81 9 4.1 17
Mechanically formed 111, 59 33 16 12 4 3.1 41.1
1500 W (35 kJ/m) 81 180 284 5 0.7 3 2.9 116
1500 W (47 kJ/m) 68 245 427 29 17 16 14 188.3
2500 W 199 352 443 21 27 33 11.4 181.8
3000 W 129 276 401 1.5 5 5.71 0.3 176.9
3500 W 166 290 403 3 2.61 2.51 1.4 181.9
Table 6.
Residual stress and strain results [8].
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The laser forming process was carried out in such a way that there was an overlap
on the scan tracks, meaning some portions of the laser-irradiated specimens did not
get direct heat energy from the laser but were exposed to its effects. This resulted in
large thermal gradients in the material contributing to an increased presence of
internal stresses in the plates. The laser forming process has the ability to move the
location of the maximum stress within the specimens as witnessed in all the laser
formed specimens.
For the parent and mechanically formed specimens, the location of maximum
principal stress was between 0.5 and 0.7 mm, respectively. With the laser formed
plates, the location of maximum principal stress is between the depths of 1.5 and
2 mm. The changes in redistribution of residual stress are due to the thermo-
mechanical properties of the laser forming process. For a power of 1500 W and a
line energy of 35 kJ/m, the maximum stress attained was 116 MPa (T) and a
minimum stress of 2.9 MPa(C). This maximum stress was the lowest in all laser
formed plate samples. Maximum and minimum residual stress values do not
decrease with changes in depth as witnessed with the parent plate. The changes in
line energy change the location of maximum and minimum residual stress [8]. The
line energy generated managed to penetrate and force a change on the microstruc-
ture of CP grade 2 titanium. Based on the microstructural analysis, there is a
noticeable difference in microstructure between the line energies developed at a
power of 1.5 kW (35 and 47 kJ/m).
The change in line energy from 35 to 47 kJ/m can be seen on the residual stress
and strain results. With the line energy of 47 kJ/m, the relieved strain starts positive
and ends negative due to a surge in gauge 2 and 3. These changes are due to the
effects of laser forming which greatly influence the distribution of residual stress
and strain. Changes in residual stress are also dependent on the process parameters
and the line energy and heat flux generated. The line energy and heat flux are
responsible for the phase transformation in the physical properties of the material.
Titanium changes phase at a temperature of 883°C, and it appears that temperatures
exceeding this value were reached during the laser forming process. The thermal
gradient is the same as that obtained at an energy of 35 kJ/m. The same goes with
values in heat flux which remain constant. The only difference is brought about by
changes in scanning speed and beam interaction time. Changes in line energy
caused variations in minimum and maximum residual stress values [8].
Figure 11.
Relieved stress, laser formed plates (1.5 kW, 35 kJ/m).
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therefore evident in fatigue testing and is documented in the results obtained [8].
The mechanical forming process resulted in minor changes to the relieved stress and
strain, when compared to the parent material results. The mechanical forming
process rearranges the residual stress and strain in the parent material. The term
rearrange is applicable in this scenario as the material had residual stress within,
prior to both forming processes. Some engineering applications encourage the
presence of residual stresses within the material. The changes in residual stress are
due to physical changes in the material as a result of laser and mechanical forming.
Manufacturing processes introduce residual stress into mechanical parts, thereby
influencing fatigue behaviour. The influence of all the forming operations is well
documented in the analysis of fatigue results. The only difference between these
processes is the intensity at which each forming process transpires. There are
variations from process to process as witnessed in this study between mechanical
and laser forming processes. After the attainment of maximum stress, there is a
reduction in stress as the depth increases [8].
The mechanically formed plates had higher residual stress values than the parent
material at 41 MPa. This is a 54% increase in stress when compared to the parent
material. The difference in stress between maximum and minimum stresses was
38 MPa, a 66% improvement when compared to the parent material. These results
had an influence on the fatigue results of the material. The graphs also show
changes in residual stress with each forming process. There are similarities in
residual stress between the parent material and the mechanically formed plates. The
stress peaks at about 0.5 and 0.7 mm and then taper as maximum depth is
approached. Based on results obtained from the parent material, forming moves the
location of maximum and minimum principal stress closer to the surface. The low
line energies had minimum effect on the residual stress distribution in the titanium
plates [8] (Figure 11).
On the laser formed plates, there is a relative increase in the strain relaxation
curve when compared to the parent and mechanically formed plates. In laser
formed plates due to the physical changes in the material, there is a modification in
the residual stress and strain due to phase transformation. The phase transformation
is due to the intense heat from the laser and effects of the temperature gradient
mechanism [8]. As witnessed on other laser formed plates, there is an increase in
relieved strain as the line energy increases. The effect of deformation compatibility,
as a result of internal stresses, is evident on the laser formed plates, and unlike







ε1 ε2 ε3 ε1 ε2 ε3 σ1 σ2
Parent material 39, 37 32 9.6 9.81 9 4.1 17
Mechanically formed 111, 59 33 16 12 4 3.1 41.1
1500 W (35 kJ/m) 81 180 284 5 0.7 3 2.9 116
1500 W (47 kJ/m) 68 245 427 29 17 16 14 188.3
2500 W 199 352 443 21 27 33 11.4 181.8
3000 W 129 276 401 1.5 5 5.71 0.3 176.9
3500 W 166 290 403 3 2.61 2.51 1.4 181.9
Table 6.
Residual stress and strain results [8].
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The laser forming process was carried out in such a way that there was an overlap
on the scan tracks, meaning some portions of the laser-irradiated specimens did not
get direct heat energy from the laser but were exposed to its effects. This resulted in
large thermal gradients in the material contributing to an increased presence of
internal stresses in the plates. The laser forming process has the ability to move the
location of the maximum stress within the specimens as witnessed in all the laser
formed specimens.
For the parent and mechanically formed specimens, the location of maximum
principal stress was between 0.5 and 0.7 mm, respectively. With the laser formed
plates, the location of maximum principal stress is between the depths of 1.5 and
2 mm. The changes in redistribution of residual stress are due to the thermo-
mechanical properties of the laser forming process. For a power of 1500 W and a
line energy of 35 kJ/m, the maximum stress attained was 116 MPa (T) and a
minimum stress of 2.9 MPa(C). This maximum stress was the lowest in all laser
formed plate samples. Maximum and minimum residual stress values do not
decrease with changes in depth as witnessed with the parent plate. The changes in
line energy change the location of maximum and minimum residual stress [8]. The
line energy generated managed to penetrate and force a change on the microstruc-
ture of CP grade 2 titanium. Based on the microstructural analysis, there is a
noticeable difference in microstructure between the line energies developed at a
power of 1.5 kW (35 and 47 kJ/m).
The change in line energy from 35 to 47 kJ/m can be seen on the residual stress
and strain results. With the line energy of 47 kJ/m, the relieved strain starts positive
and ends negative due to a surge in gauge 2 and 3. These changes are due to the
effects of laser forming which greatly influence the distribution of residual stress
and strain. Changes in residual stress are also dependent on the process parameters
and the line energy and heat flux generated. The line energy and heat flux are
responsible for the phase transformation in the physical properties of the material.
Titanium changes phase at a temperature of 883°C, and it appears that temperatures
exceeding this value were reached during the laser forming process. The thermal
gradient is the same as that obtained at an energy of 35 kJ/m. The same goes with
values in heat flux which remain constant. The only difference is brought about by
changes in scanning speed and beam interaction time. Changes in line energy
caused variations in minimum and maximum residual stress values [8].
Figure 11.
Relieved stress, laser formed plates (1.5 kW, 35 kJ/m).
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The maximum and minimum stress was the highest in all the specimens evalu-
ated at 1.5 kW and is shown in Figure 12 above. The increase in residual stress
resulted in a reduction to fatigue life in laser formed specimens. There is a steady
increase in both maximum and minimum principal residual stress and strain as line
energy increase. These changes are influenced by changes in temperature which
also affect the microstructure. Differences in residual stress are a result of different
scanning speeds. The line energy of 47 kJ/m was obtained after adjusting the
scanning velocity [from 2.6 to 1.9 m/min]. The change in speed meant there was an
increase in beam interaction time causing more physical changes to the material.
More time was therefore available per unit area per unit time to cause changes to
the material. The power setting of 2500 W had a slower scanning velocity, a high
heat flux, a higher line energy and minimal beam interaction time. These plates also
experienced a higher thermal gradient which influenced changes in residual stress
and strain [8].
Changes in microstructure also influenced the distribution of residual strains.
The variations in thermal gradient between a power of 1500 and 3500 W caused
major changes to the microstructure and led to a rise in non-uniform thermal
strains, whose effect became hyperbolic when the material is elastically stiff and has
a high-yield strength. The variations in temperature caused changes to the resulting
mechanical properties. This means that the material properties are largely depen-
dent on temperature. The higher the temperature, the greater will be the change in
material properties [8].
The microstructure of the laser-irradiated specimens’ changes as the depth of the
specimen increases moving away from the laser-irradiated surface. The change in
line energy to 90 kJ/m resulted in an increase to the maximum principal stress
which continued being in tension. Unlike the power of 1.5 kW, both maximum and
minimum principal stresses start as being in tension and not compressive closer to
the irradiated (laser-facing) side [8] (Figure 13).
On plates irradiated at 2500 W, the maximum and minimum residual stress was
182 MPa (T) and 11 MPa©, respectively. The difference in stress was 170 MPa, and
the maximum stress is obtained at a depth of 1 mm. High residual stress had a
negative effect during fatigue testing, as the material had deformed plastically.
There is an alteration in the thermal gradient at this power, and the scanning
Figure 12.
Laser formed plates (1.5 kW, 47 kJ/m).
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velocity is also the slowest in all the speeds used in this study. The slow scanning
velocity led to variations in residual stress, when comparing plates irradiated at a
power of 26,500 W. Changes in phases associated with the physical properties of
the material are related to transformation strains. Strains can be viewed as modes of
deformation with the special characteristics of being accompanied by a change in
crystal structure [8]. All these factors influence residual stress distribution in tita-
nium. At this power level, there is a reduction in both maximum and minimum
stress values, which is in contradiction with other laser powers used in the study.
This power had the optimum parameters for a line energy of 90 kJ/m [8]
(Figure 14).
The specimens processed at 3 kW had a maximum stress of 176 MPa and a
minimum stress of 0.3 MPa (C). The residual stresses had a major effect in fatigue
Figure 13.
Laser formed plates (2.5 kW, 90 kJ/m).
Figure 14.
Laser formed plates (3 kW, 90 kJ/m) [3].
41
Microstructure and Mechanical Properties of Laser and Mechanically Formed Commercially…
DOI: http://dx.doi.org/10.5772/intechopen.81807
The maximum and minimum stress was the highest in all the specimens evalu-
ated at 1.5 kW and is shown in Figure 12 above. The increase in residual stress
resulted in a reduction to fatigue life in laser formed specimens. There is a steady
increase in both maximum and minimum principal residual stress and strain as line
energy increase. These changes are influenced by changes in temperature which
also affect the microstructure. Differences in residual stress are a result of different
scanning speeds. The line energy of 47 kJ/m was obtained after adjusting the
scanning velocity [from 2.6 to 1.9 m/min]. The change in speed meant there was an
increase in beam interaction time causing more physical changes to the material.
More time was therefore available per unit area per unit time to cause changes to
the material. The power setting of 2500 W had a slower scanning velocity, a high
heat flux, a higher line energy and minimal beam interaction time. These plates also
experienced a higher thermal gradient which influenced changes in residual stress
and strain [8].
Changes in microstructure also influenced the distribution of residual strains.
The variations in thermal gradient between a power of 1500 and 3500 W caused
major changes to the microstructure and led to a rise in non-uniform thermal
strains, whose effect became hyperbolic when the material is elastically stiff and has
a high-yield strength. The variations in temperature caused changes to the resulting
mechanical properties. This means that the material properties are largely depen-
dent on temperature. The higher the temperature, the greater will be the change in
material properties [8].
The microstructure of the laser-irradiated specimens’ changes as the depth of the
specimen increases moving away from the laser-irradiated surface. The change in
line energy to 90 kJ/m resulted in an increase to the maximum principal stress
which continued being in tension. Unlike the power of 1.5 kW, both maximum and
minimum principal stresses start as being in tension and not compressive closer to
the irradiated (laser-facing) side [8] (Figure 13).
On plates irradiated at 2500 W, the maximum and minimum residual stress was
182 MPa (T) and 11 MPa©, respectively. The difference in stress was 170 MPa, and
the maximum stress is obtained at a depth of 1 mm. High residual stress had a
negative effect during fatigue testing, as the material had deformed plastically.
There is an alteration in the thermal gradient at this power, and the scanning
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Laser formed plates (1.5 kW, 47 kJ/m).
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velocity is also the slowest in all the speeds used in this study. The slow scanning
velocity led to variations in residual stress, when comparing plates irradiated at a
power of 26,500 W. Changes in phases associated with the physical properties of
the material are related to transformation strains. Strains can be viewed as modes of
deformation with the special characteristics of being accompanied by a change in
crystal structure [8]. All these factors influence residual stress distribution in tita-
nium. At this power level, there is a reduction in both maximum and minimum
stress values, which is in contradiction with other laser powers used in the study.
This power had the optimum parameters for a line energy of 90 kJ/m [8]
(Figure 14).
The specimens processed at 3 kW had a maximum stress of 176 MPa and a
minimum stress of 0.3 MPa (C). The residual stresses had a major effect in fatigue
Figure 13.
Laser formed plates (2.5 kW, 90 kJ/m).
Figure 14.
Laser formed plates (3 kW, 90 kJ/m) [3].
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life as they changed the location of the fracture line. The maximum principal stress
at a power of 3000 W is obtained at a depth of 2 mm. The changes in residual stress
and strain are closer to the surface of the irradiated plate. The laser forming process
increases the hardness of titanium. Residual stresses in this study are a result of
interactions between time, temperature and the material. These factors played a
major role in the resulting residual stress layout on all laser formed plates. The effect
of the thermal gradient is evident when these plates are compared with plates not
affected by thermal energy. The highest temperature gradient was obtained at a
power of 3500W. The thermal gradient became a deciding factor in microstructural
layout. Even though the line energy was the same from a power of 2500 W up to a
power of 3500 W, the effects on the microstructure were not uniform. This led to
the conclusion that the thermal gradient is the most influential factor in laser
forming [8] (Figure 15).
The maximum stress obtained at 3.5 kW was the second highest at 181.9 MPa
(T) and a minimum stress of 1.4 MPa (T). The hardness of plates was equivalent to
the parent material, but this is where similarities end. The difference in stress was
185 MPa on the laser-processed plates. This difference in stress is related to changes
in hardness of titanium as a result of laser forming process. The differences in
temperature between 3000 W and 3500 W played no role in influencing minimum
and maximum residual stress. The optimum settings for a line energy of 90 kJ/m
are at a power of 2.5 kW [8].
3. Conclusions
The primary motivation of this study was to investigate, analyse, characterise
and compare laser and mechanical forming processes. The study focussed on the
main parameters that influence the bending of plates and their effect on the micro-
structure and mechanical properties. New theories and discoveries are discussed in
the context of contribution to the subject and body of knowledge which is wide and
immense in scope. Theories and conclusions are as follows:
Figure 15.
Relieved stress (3.5 kW).
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The use of thinner gauge material: The study has come up with a new application for
the laser formed titanium. Laser formed titanium plates become extremely hard and
could be used in the defence industry for bullet-proof body vests and applied on
armoured vehicles. Titanium is light in weight and coupled with a hardened surface
resulting from laser forming could be a viable solution. Current armoured vehicles are
heavy and slow due to the materials used, and venturing into materials like titanium
could be a breakthrough to the defence industry. The laser forming process has the
ability to customise the mechanical properties of any material, and therefore with this
possibility thinner gauge material could be used for the benefit of this industry.
The control of the radius of curvature: Controlling the radius of curvature using the
laser forming process is complex and results in uncontrollable bending of the mate-
rial. Magee et al. saw a great potential for accuracy and controllability on the
amount of forming with the laser, but the current study contradicts what he
thought possible with the process. Titanium has proved its unpredictability in this
study resulting in no proper control of the radius of curvature as envisaged.
The line energy: This is the fraction of the laser power and traverse speed.
According to Magee there is a critical energy input below which no plastic straining
occurring in each experiment. The study agrees with Magee on the fact that a higher
line energy results in more pronounced bending of the material. Maintaining a
constant line energy does not result in same bending of plate specimens from the
irradiated batch of plates. An increase in laser power increases the line energy and
thermal gradient which all determine the extent of bending in titanium. The use of
higher line energies compromises fatigue properties of titanium as there is no
proper control of temperature, and therefore precise thermo-mechanical control is
needed for the success of this process.
The industrial use of laser forming: Contrary to what was envisaged on initiating
this study, the laser forming process does not pose a challenge to current popular
forming methods. At the moment the best process for forming is mechanical
forming due to the ease with which any desired shape can be formed in minimal
time. Laser forming is much slower than mechanical forming, and changes brought
by the laser forming process could be undesirable to other industrial applications.
The thermal gradient: The low thermal conductivity of titanium means higher
thermal gradients are needed for pronounced bending of CP grade 2 titanium.
Higher thermal gradients result in higher residual stresses in the material and a
complete change in the physical properties of the material. Changes in physical
properties could be desirable or less desirable depending on industrial application.
Surface hardening: The laser forming process resulted in surface hardening of CP
grade 2 titanium plates. This had a negative effect on the fatigue life of specimens,
as there was a reduction in fatigue life. This is contrary to the findings by
Konstantino and Altus [11] who reported improvements in fatigue life of Ti-6Al-4 V
which behaves in the same manner as CP grade 2 titanium plates. The improvement
in fatigue life was achieved by laser heating based on reduced fraction of α (alpha)
in the microstructure and a reduction in grain size. In this study there was an
increase in grain size as a result of laser heating which completely changed the
granular structure of the material. A significant microstructural refinement was
observed during this study resulting in the formation of α-martensite. Hardness
values are dependent on the line energy generated during the laser forming of
titanium. The higher the line energy, the higher will the hardness be for CP grade 2
titanium plates. The laser-irradiated surface hardens as a result of the laser forming
process making it difficult to polish and prepare plates for residual stress measure-
ments. In laser formed CP grade 2 titanium plates, the hardness changes with
specimen depth as a result of the effects of thermal energy from the laser, which is
the heat source.
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life as they changed the location of the fracture line. The maximum principal stress
at a power of 3000 W is obtained at a depth of 2 mm. The changes in residual stress
and strain are closer to the surface of the irradiated plate. The laser forming process
increases the hardness of titanium. Residual stresses in this study are a result of
interactions between time, temperature and the material. These factors played a
major role in the resulting residual stress layout on all laser formed plates. The effect
of the thermal gradient is evident when these plates are compared with plates not
affected by thermal energy. The highest temperature gradient was obtained at a
power of 3500W. The thermal gradient became a deciding factor in microstructural
layout. Even though the line energy was the same from a power of 2500 W up to a
power of 3500 W, the effects on the microstructure were not uniform. This led to
the conclusion that the thermal gradient is the most influential factor in laser
forming [8] (Figure 15).
The maximum stress obtained at 3.5 kW was the second highest at 181.9 MPa
(T) and a minimum stress of 1.4 MPa (T). The hardness of plates was equivalent to
the parent material, but this is where similarities end. The difference in stress was
185 MPa on the laser-processed plates. This difference in stress is related to changes
in hardness of titanium as a result of laser forming process. The differences in
temperature between 3000 W and 3500 W played no role in influencing minimum
and maximum residual stress. The optimum settings for a line energy of 90 kJ/m
are at a power of 2.5 kW [8].
3. Conclusions
The primary motivation of this study was to investigate, analyse, characterise
and compare laser and mechanical forming processes. The study focussed on the
main parameters that influence the bending of plates and their effect on the micro-
structure and mechanical properties. New theories and discoveries are discussed in
the context of contribution to the subject and body of knowledge which is wide and
immense in scope. Theories and conclusions are as follows:
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The use of thinner gauge material: The study has come up with a new application for
the laser formed titanium. Laser formed titanium plates become extremely hard and
could be used in the defence industry for bullet-proof body vests and applied on
armoured vehicles. Titanium is light in weight and coupled with a hardened surface
resulting from laser forming could be a viable solution. Current armoured vehicles are
heavy and slow due to the materials used, and venturing into materials like titanium
could be a breakthrough to the defence industry. The laser forming process has the
ability to customise the mechanical properties of any material, and therefore with this
possibility thinner gauge material could be used for the benefit of this industry.
The control of the radius of curvature: Controlling the radius of curvature using the
laser forming process is complex and results in uncontrollable bending of the mate-
rial. Magee et al. saw a great potential for accuracy and controllability on the
amount of forming with the laser, but the current study contradicts what he
thought possible with the process. Titanium has proved its unpredictability in this
study resulting in no proper control of the radius of curvature as envisaged.
The line energy: This is the fraction of the laser power and traverse speed.
According to Magee there is a critical energy input below which no plastic straining
occurring in each experiment. The study agrees with Magee on the fact that a higher
line energy results in more pronounced bending of the material. Maintaining a
constant line energy does not result in same bending of plate specimens from the
irradiated batch of plates. An increase in laser power increases the line energy and
thermal gradient which all determine the extent of bending in titanium. The use of
higher line energies compromises fatigue properties of titanium as there is no
proper control of temperature, and therefore precise thermo-mechanical control is
needed for the success of this process.
The industrial use of laser forming: Contrary to what was envisaged on initiating
this study, the laser forming process does not pose a challenge to current popular
forming methods. At the moment the best process for forming is mechanical
forming due to the ease with which any desired shape can be formed in minimal
time. Laser forming is much slower than mechanical forming, and changes brought
by the laser forming process could be undesirable to other industrial applications.
The thermal gradient: The low thermal conductivity of titanium means higher
thermal gradients are needed for pronounced bending of CP grade 2 titanium.
Higher thermal gradients result in higher residual stresses in the material and a
complete change in the physical properties of the material. Changes in physical
properties could be desirable or less desirable depending on industrial application.
Surface hardening: The laser forming process resulted in surface hardening of CP
grade 2 titanium plates. This had a negative effect on the fatigue life of specimens,
as there was a reduction in fatigue life. This is contrary to the findings by
Konstantino and Altus [11] who reported improvements in fatigue life of Ti-6Al-4 V
which behaves in the same manner as CP grade 2 titanium plates. The improvement
in fatigue life was achieved by laser heating based on reduced fraction of α (alpha)
in the microstructure and a reduction in grain size. In this study there was an
increase in grain size as a result of laser heating which completely changed the
granular structure of the material. A significant microstructural refinement was
observed during this study resulting in the formation of α-martensite. Hardness
values are dependent on the line energy generated during the laser forming of
titanium. The higher the line energy, the higher will the hardness be for CP grade 2
titanium plates. The laser-irradiated surface hardens as a result of the laser forming
process making it difficult to polish and prepare plates for residual stress measure-
ments. In laser formed CP grade 2 titanium plates, the hardness changes with
specimen depth as a result of the effects of thermal energy from the laser, which is
the heat source.
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The residual stress: In all the forming processes analysed, changes in residual
stress are greatly influenced by process specifications. In laser forming however
these changes are dependent on the process parameters used, as these differ with
each laser power. Thermal gradient influences the development of residual stresses.
In mechanical forming changes in residual stress are determined by the complexity
of the formed shape. It was envisaged at the beginning of the study that residual
stress would be enhanced but the laser forming process made undesirable changes
to the underlying residual stress distribution. According to Norton [5] good design
requires that an engineer try to tailor the residual stresses to a minimum, not create
negative effects on the strength and preferably to create positive effects. Fatigue
failure is a tensile residual stress phenomenon. The laser forming process resulted in
increased tensile residual stress in the specimens due to higher line energies. The use
of lower line energies on CP grade 2 titanium results in no bending of the material,
and therefore high tensile residual stress remains part of the process if there is
forming to be done. The parent material and mechanically formed plates had low
residual stress values which was an advantage during fatigue testing as these had a
higher fatigue life.
Microstructure: The mechanical forming process has a minimal influence on the
microstructure of CP grade 2 titanium plate specimens compared to the effects of
laser forming. The laser forming process results in changes in grain size as thermal
energy is increased. Changes in the microstructure influenced the mechanical
properties of CP grade 2 titanium plates.
Beam interaction time: The beam interaction time is significant in the analysis of
resulting mechanical properties as a result of the laser forming process. The time
taken to heat up an area influences the mechanical properties and the microstruc-
ture of plate samples.
Heat flux: The heat flux is significant in changes observed with titanium plates,
and each laser power setting evaluated had a different reading, resulting in varying
microstructures on the plates evaluated. The depth of laser penetration depends on
the amount of line energy generated.
Laser power: An increase in laser power leads to the oxidation of the passive layer
on CP grade 2 titanium plates as a result of the concentrated thermal energy
generated by the laser.
Forming parameters: The changing of forming parameters in the laser forming of
CP grade 2 titanium succeeded in obtaining optimum operating parameters (in the
case of this research, a power of 2.5 kW, a line energy of 90 kJ/m and a scanning
velocity of 1.67 m/min) for titanium.
Plates: Laser formed titanium plates should not be used in applications requiring
prolonged fatigue life. The process is only beneficial in applications where hardness
is a priority without a need for high fatigue life, and perhaps the process could be
beneficial in military defence applications. Laser formed titanium plates do not
bend to the same radius of curvature as proved in this study.
Process control: The process needs precision control of processing parameters
as they play a major role in the final microstructural layout and mechanical proper-
ties. For good fatigue properties, thermo-mechanical/laser processing of titanium
needs to be conducted using lower line energies but then these do not bend the
material.
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Abstract
The unique combination of attributes—high strength to weight ratio, excellent 
heat treatability, a high degree of hardenability, and a remarkable hot and cold 
workability—has made beta titanium alloys an attractive group of materials for 
several aerospace applications. Titanium alloys, in general, possess a high degree of 
resistance to biofluid environments; beta titanium alloys with high molybdenum 
equivalent have low elastic modulus coming close to that of human bone, making 
them particularly attractive for biomedical applications. Bulk processing of the 
alloys for aerospace applications is carried out by double vacuum melting followed 
by hot working. There have been many studies with reference to super-solvus and 
sub-solvus forging of beta titanium alloys. For alloys with low to medium level 
of molybdenum equivalent, sub-solvus forging was demonstrated to result in a 
superior combination of mechanical properties. A number of studies have been 
carried out in the area of heat treatment of beta titanium alloys. Studies have also 
been devoted to surface modification of beta titanium alloys. The chapter attempts 
to review these studies, with emphasis on aerospace and biomedical applications.
Keywords: beta titanium alloys, titanium melting, thermomechanical processing, 
surface modification, aerospace and biomedical applications
1. Introduction
Titanium was discovered in 1791, but it came into effective application only in 
the 1950s. After 115 years, i.e., in the year 1906, M. A Hunter at General Electric 
Company prepared pure titanium for the first time [1]. Since 1950s, titanium holds 
a prime position in aerospace, biomedical, automotive, and chemical processing 
industries due to unique features listed below:
1. Low density (60% of steel or super alloy’s density),
2. Higher tensile strength (Higher than ferritic stainless steel and comparable to 
martensitic stainless steel and Fe- base superalloys)
3. Higher operating temperature (Up to 595°C for commercially available alloys 
and >595°C for titanium aluminides)
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4. Excellent corrosion resistance (Higher than stainless steel and biocompatible)
5. Forgeability
6. Castability (Mostly by investment casting)
Despite being the fourth-most abundant structural metal available in the earth 
crust, its commercial exploitation has been low compared to steel and aluminium 
due to high cost of production.
Pure Titanium has an hcp crystal structure. Due to the allotropic nature of 
titanium, the room temperature hcp crystal structure (alpha phase) will be trans-
formed to bcc (beta phase) structure on heating to a particular temperature called 
beta transus temperature (882.5°C). Alloying elements of titanium are classified on 
the basis of their influence on the transus temperature. For example, if the transus 
temperature is increased on the addition of the certain elements, then they are 
called as alpha stabilisers (Al, O, N, and C); similarly there are some other elements 
which bring the transus temperature down and they are termed as beta stabilis-
ers (V, Mo, Ta and Nb). The elements Sn and Zr have little or no effect on transus 
temperature and are termed as neutral elements.
Beta alloys form the metastable beta phase upon quenching rather than undergo-
ing martensitic transformation. A schematic representation of the beta isomor-
phous phase diagram is shown in the Figure 1. Beta alloys can also be classified as 
those which have alloy which has enough beta stabilisers to avoid the martensitic 
start (Ms) pass through upon quenching. Beta alloys are further classified into meta-
stable and stable beta alloys based on the content of beta stabilisers. Commercially 
available beta alloys are metastable beta alloys and stable beta alloys are not com-
mercially available [2]. The metastable beta phase can precipitate the fine alpha 
Figure 1. 
Beta isomorphous phase diagram.
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phase upon ageing/thermal treatment. Hence, beta alloys are hardenable and can 
attain a higher strength level than alpha + beta alloys and higher specific strength 
compared to many other alloys [3].
Corrosion resistance of beta alloys is also found to be better than that of alpha +  
beta alloys. Higher hydrogen tolerance makes beta alloys to perform better in the 
Hydrogen-rich environments [2]. Increased fracture toughness for a given strength 
level and amenability to room temperature forming and shaping are superior 
attributes compared to alpha + beta alloys [1]. Ti-13V-11Cr-3Al (B120VCA) was the 
first beta alloy produced/developed and used in the SR-71 (Surveillance aircraft) as 
a sheet product.
Beta alloys’ inherent characteristics such as pronounced ductility owing to the 
crystal structure (bcc), heat treatability, and superior cold rollability make them 
an effective alternative to alpha + beta alloys [4]. Furthermore, beta alloys have 
lower beta transus temperature than the alpha + beta alloys [5]. Hence, beta alloys 
are considered to be the economical choice in perspective of processing compared 
to the alpha + beta alloys. For example, despite the higher formulation cost, 
Ti-15V-3Al-3Cr-3Sn alloy’s thinner gauges (<2 mm thick) cost one-tenth of those of 
Ti-6Al-4V [3].
2. Processing of beta alloy
2.1 Melting
The initial step is the fabrication of ingot from sponge for conversion to mill 
products. The melting practices to produce beta titanium alloy ingots can be broadly 
categorised into Vaccum Arc Remelting (VAR) and Cold Hearth Melting.
The conventional method used for the melting of beta titanium alloys is the 
Vacuum Arc Remelting (VAR) in a consumable arc furnace. In VAR, the furnace 
is initially evacuated for required vacuum and a dc arc is struck between the two 
electrodes. Here a consumable electrode (material to be melted) is employed as 
the cathode and starting materials such as titanium-based metal chips or machine 
turnings act as the anode. The consumable electrode can be fabricated from either 
of the two strategies.
• From the compacted sponge and/or scrap
• From plasma/electron beam hearth melting
Among these methods, the first method of predensification by compacting 
using a hydraulic press is widely used to fabricate electrodes. Compacted electrodes 
with nominal alloy composition are made by the pressing of blended clean and 
uniform-sized titanium sponge and alloying elements devoid of any harmful inclu-
sions. These compacts (called as briquettes) are then assembled with bulk scrap to 
form the first melt electrode (called as a stick) by appropriate welding methods.
Finally, these fabricated electrodes are placed inside a vacuum furnace. When 
the electric arc is established, associated heat generation will result in the drip-
ping of molten metal down to the water-cooled copper crucible to form the ingot. 
Initially, a layer of solid titanium or skull will be formed on the surface of cooled 
copper crucible which will hold the subsequently falling molten metal. In order 
to ensure chemical homogeneity, the ingots will be inverted and remelting will be 
performed. Ingots produced during first stage melting are again used as consumable 
electrodes during double or triple remelting. In addition to this, electrical coils are 
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turnings act as the anode. The consumable electrode can be fabricated from either 
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• From the compacted sponge and/or scrap
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provided in most of the VAR furnaces to generate an electromagnetic field capable 
of stirring the molten metal thereby further enhancing the homogeneity. Cold 
hearth melting is another developing technique which uses either plasma arc (PAM) 
or electron beam (EBM) melting furnace.
Proper monitoring should be ensured to control the solidification of beta tita-
nium based ingots. Specifically, beta eutectoid compositions containing Fe, Mn, Cr, 
Ni and Cu are associated with depressed freezing temperatures [2]. This allows for 
solidification over a significant temperature range, consequently leading to solute 
segregation during solidification of the ingot. Such type of segregation results in 
regions with lower beta transus and results in a microstructure distinctive from the 
surrounding material. These solute segregated regions are clearly visible in beta tita-
nium alloys subjected to heat treatment below/near to beta transus and are termed 
as beta flecks. Beta flecks, which range from a scale of few hundred micrometres to 
a few millimetres, can act as crack nucleation sites leading to fatigue failure. Beta 
flecks are mostly developed in large diameter ingots. However, beta isomorphous 
alloys containing Nb, Mo and V are not associated with these depressed solidifica-
tion temperatures and are less prone to solute segregation.
Lower values of tensile ductility and low cycle fatigue life of near-β Ti alloy 
Ti–10V–2Fe–3Al was found to be due to the presence of beta flecks [6]. Under 
tensile loading, crack nucleation occurred at beta fleck grain boundaries leading 
to intergranular and quasi-cleavage fracture. In the case of fatigue loading, the 
inhomogeneous strains developed due to the presence of beta flecks accelerated the 
crack nucleation and early crack propagation.
2.2 Casting
For an expensive material such as titanium, casting is the perfect choice in 
attaining a (near) net shape in the fabrication of components with complex geom-
etry without incurring much wastage. A significant weight (35%) saving can be 
achieved by employing the titanium casting instead of stainless steel casting in 
B-777 aircraft [7]. In general, rammed graphite mould and investment casting were 
utilised in titanium casting. Investment casting is preferred to obtain thin sections 
and better surface finish [8]. Ti-5Al-5V-5Mo-3Cr castings followed by HIP (Hot 
Isostatic Pressing) possess a superior strength compared to hipped Ti-6Al-4V cast-
ings with almost same ductility [9]. To extend brake life of fighter aircraft (F-18 EF) 
Ti-15V-3Al-3Cr-3Sn castings were used instead of Ti-6Al-4V castings due to the 
higher specific strength of the former [10].
2.3 Forging and rolling
2.3.1 Ingot breakdown forging
To exploit the ductile nature of the beta phase (bcc crystal structure), even 
for alpha and alpha + beta alloys, ingot break down forging is done above the beta 
transus temperature. In general, to avoid thermal stress cracking, titanium alloys 
are subjected to preheating before high-temperature forging.
Forging is performed to produce billets and bars of titanium with the optimum 
combination of strength and ductility [11]. Forging is performed using hydraulic 
presses. Both straight-forging and upset forging are performed in case of Ti alloys. 
For greater deformation and larger size, upset-forging is preferred [1]. Higher 
reactivity of the titanium demands the inert / vacuum processing to prevent surface 
contamination during high-temperature processing [1]. Drawing operation of tita-
nium is prone to galling and seizing. Hence, proper lubricants have to be employed 
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to avoid those effects [1]. Compared to all other Ti alloys, beta alloys can withstand 
high pressure before cracking. Ti- 13V-11Cr-3Al can withstand up to 690 MPa with-
out cracking. In contrast, Ti-6Al-4V can withstand 585 MPa before cracking [1].
The microstructure of the ingots of beta alloys varies from small equiaxed grains 
(at the surface) to elongated columnar grains and large equiaxed grains at the bulk/
centre of the ingot [4]. Beta Ti alloys are more suitable for low temperature working 
without being vulnerable to rupture or cracking compared to other Ti alloys [1] and 
this effect is attributed to the availability of enough slip systems to accommodate 
the deformations.
2.3.2 Secondary forging
Secondary forging refers to the forging process employed to obtain the final 
shape/components. The temperature required for this kind of forging is lower 
than that for ingot breakdown forging. Unlike alpha and alpha + beta alloys, beta 
alloys show a significant increase in strength at high strain rates [1]. Hence, higher 
pressures are to be applied for forging of beta alloys; the pressure required to induce 
crack during forging is higher for beta alloys compared to alpha and alpha + beta 
alloys [1]. Beta titanium alloys have a broader range of forging temperature com-
pared to alpha/alpha + beta alloys.
Due to the lower beta transus temperature, beta alloys have lower hot working 
temperature compared to alpha and alpha + beta alloys, For example, Ti–10V–2Fe–
3Al has a secondary working temperature range between 700–870°C [12]. Types of 
forging and features are given in the Table 1.
2.3.3 Rolling
Unlike other alloys, rolling of titanium requires higher working pressure and 
extreme control in temperature. Cylindrical rollers are used to produce the strips, 
sheet and plate. In contrast, grooved rollers are employed in producing the rounds 
and other structural shapes. In sheet and plate rolling process, cross rolling is done 
to reduce the anisotropy in mechanical properties. Texture strengthening is less 
S.No. Forging type Features
1 Open-Die 
Forging
• Simple shapes can be made
• The previous step to closed – die forging
2 Closed-Die 
Forging
• It is also called an impression die forging
• More complex shapes can be obtained
3 Hot-die forging • Die is maintained at a higher temperature compared to open and 
closed die forging
• Less energy is required to produce the shape
4 Isothermal 
Forging
• Preheating the metal is required
• Dies are at the same temperature as the metal
• Capable of producing near net shape components with less energy 
required
5 Precision forging • No machining required before assembling
• Highly sophisticated and expensive method
• Aero engine fan blades and even aerofoil shapes are precision forged
Table 1. 
Types of forging and its features [1].
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pronounced in the beta alloys compared to alpha alloys [1]. The lower rate of strain 
hardening of the beta alloy makes it more acquiescent to cold working.
In Ti-3.5Al-5Mo-6V-3Cr-2Sn-0.5Fe alloy, rolling and ageing in the sub-transus 
(alpha + beta field) temperature yielded a better combination of the strength and 
ductility compared to working in the beta field [13]. Sheet beta Ti alloys are ame-
nable to cold rolling. Cold rolling has a strong effect upon mechanical properties. 
For example, Rosenberg [14] reported the effect of cold rolling on tensile strength, 
yield strength and ductility of Ti-15-3 alloy:
1. UTS (Rolled alloy) = UTS (un-rolled) + 0.75 × Percentage of reduction (%)
2. YS (Rolled alloy) = YS (un-rolled) + 0.65 × Percentage of reduction (%)
3. Ductility (Rolled alloy) = EL (un-rolled) − 0.65 × Percentage of reduction (%)
Two high roll mill and three high roll mill are commonly used for rolling tita-
nium and its alloys.
2.4 Thermomechanical processing
Material processing performed with the aid of both mechanical force and 
thermal/ heat treatment can be termed as thermomechanical processing. The 
primary objective of this processing is to obtain a component in functional design 
with pre-determined microstructure and corresponding mechanical properties. 
Thermomechanical processing of beta Ti alloys can be done both above transus 
temperature (Super-transus processing) and below the transus temperature (Sub-
transus processing). Super-transus processing with hot deformation is optimised 
to obtain fine recrystallised beta grains. Sub-transus processing is optimised to 
obtain fine beta grains with controlled alpha phase morphology [12]. Size, volume 
fraction, morphology, and the spatial distribution of the alpha precipitates formed 
during the thermomechanical processing have a vital influence over the mechanical 
properties of the end product.
In Ti-15V-3Al-3Cr-3Sn alloy, Boyer et al. [15], showed the usefulness of thermo-
mechanical treatment for attaining a wide range of tensile strength (from 1070 to 
1610 MPa.)
2.5 Heat treatment
Heat treatment is the basic metallurgical process through which optimization of 
hardness, tensile strength, fatigue strength and fracture toughness can be achieved. 
All the metastable beta alloys are heat treatable to attain higher strength than alpha + 
beta alloys.
Duplex ageing treatment yielded a superior combination of mechanical proper-
ties with no precipitation free zone and finer alpha precipitation compared to single 
ageing in Ti-15V-3Al-3Cr-3Sn-3Zr [16] and Ti-3Al-8V-6Cr-4Mo-4Zr [17]. The rate of 
heating to ageing temperature was found to have a substantial effect on the evolu-
tion of microstructure and mechanical properties [18]. Choice of solution treatment 
temperature is important. For example, for Ti-1Al-8V-5Fe (Ti185), solution treat-
ment near beta transus temperature leads to a highest tensile and yield strength [19].
Solution treatment followed by ageing in metastable beta alloys will lead to a 
microstructure consisting of soft alpha in the beta grain boundaries. Hence, this 
softer alpha phase may lead to the decline in the HCF behaviour [20] and tensile 
ductility by augmenting the intergranular fracture [17]. For example, Sauer and 
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Luetjering [21] have also reported the adverse effect of alpha phase layers along 
the beta grain boundaries on the tensile and fatigue behaviour of Ti-5Al-2Sn-4Zr-
4Mo-2Cr-1Fe (β CEZ).
2.6 Surface processing for aerospace application
Modifying the surface is an effective and economical way to enhance the tribo-
logical and fatigue properties of the material. Thermo-chemical and mechanical 
surface modification techniques are common in beta alloys.
2.6.1 Thermo-chemical surface modification
In order to enhance the surface hardness, wear resistance and near-surface 
strength, thermo-chemical surface processing techniques such as nitriding and 
carburising are employed. Among various thermo-chemical surface processing 
techniques, nitriding is extensively used. In this process, the nitrogen is fused into 
the titanium base alloy. Among the various technologies used for Nitriding, i.e., 
gas nitriding, laser nitriding, plasma nitriding, Ion nitriding and gas Nitriding are 
used widely [22]. Titanium nitrides will be formed on the surface as a result of the 
nitriding and these nitrides increase the surface hardness drastically and improve 
the tribological properties at the expense of the ductility of the material. Increased 
hardness due to TiN formation was made use in flap tracks of Military airplanes 
[23]. However, nitriding has a negative influence on the tensile strength and fatigue 
strength of the material.
2.6.2 Mechanical surface modification
Mechanical surface modifications such as shot peening, ball burnishing and 
laser peening are developed to enhance the fatigue behaviour of the target mate-
rial by inducing the residual compressive stress and work hardening effect in near 
surface region. Both crack nucleation and crack propagation during fatigue loading 
were found to be affected by the surface modification treatment. However, surface 
roughness will be significantly increased at the end of the mechanical surface 
modification such as shot peening and this may lead to early crack initiation.
Since 1970s, shot peening is being employed in enhancing the mechanical 
behaviour of Ti alloys in aerospace industries [24]. Schematic representation of shot 
peening is shown in the Figure 2. Shot peening of beta alloys, i.e. Ti-10V-2Fe-3Al 
and Ti-3Al-8V-6Cr-4Mo-4Zr yielded a marginal increase in the fatigue life com-
pared to electro polished sample [25]. In LCB beta alloy, in order to compensate the 
residual compressive stress induced in the surface after peening, substantial tensile 
residual stress formed in the subsurface region and this deteriorated the fatigue 
behaviour compared to polished sample [26]. It is important to control the shot 
peening conditions to get the desired enhancement in fatigue life.
Unlike shot peening and laser peening, roller burnishing reduces the surface 
roughness by stressing the surface with a roller ball with optimised pressure. 
Schematic representation of the roller burnishing is shown in the Figure 3. Roller 
burnishing of Ti-10V-2Fe-3Al beta alloy induced deeper and higher magnitude 
residual stress compared to shot peening. In roller burnishing of LCB beta alloy, 
higher the rolling pressure, deeper was the site for fatigue crack nucleation [27]. In 
Beta C (Ti-3Al-8V-6Cr-4Mo-4Zr) alloy, deep rolling ended up with deeper residual 
stress distribution compared to shot peening, but the magnitude of the residual 
stress remained high for the shot peened sample. A marginal increase in fatigue life 
was achieved through deep rolling of Beta C alloy [28].
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pronounced in the beta alloys compared to alpha alloys [1]. The lower rate of strain 
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and Ti-3Al-8V-6Cr-4Mo-4Zr yielded a marginal increase in the fatigue life com-
pared to electro polished sample [25]. In LCB beta alloy, in order to compensate the 
residual compressive stress induced in the surface after peening, substantial tensile 
residual stress formed in the subsurface region and this deteriorated the fatigue 
behaviour compared to polished sample [26]. It is important to control the shot 
peening conditions to get the desired enhancement in fatigue life.
Unlike shot peening and laser peening, roller burnishing reduces the surface 
roughness by stressing the surface with a roller ball with optimised pressure. 
Schematic representation of the roller burnishing is shown in the Figure 3. Roller 
burnishing of Ti-10V-2Fe-3Al beta alloy induced deeper and higher magnitude 
residual stress compared to shot peening. In roller burnishing of LCB beta alloy, 
higher the rolling pressure, deeper was the site for fatigue crack nucleation [27]. In 
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stress distribution compared to shot peening, but the magnitude of the residual 
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was achieved through deep rolling of Beta C alloy [28].
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Compared to shot peening, laser peening has unique features like the capabil-
ity of inducing deeper and stable residual stress with extreme control in operation. 
Conventionally, laser peening is performed using Nd: Glass lasers after applying the 
coating, i.e. black paint on the target surface. To make this process simple, economical 
and more portable, LPwC (Laser peening without Coating) was developed in 1995 
[29]. LPwC has proven to be an effective technique by inducing a relatively high com-
pressive residual stress. For example, a residual stress of approx. −825 MPa was induced 
at a depth of ~75 μm from the surface in LCB (Ti-6.8Mo-4.5Fe-1.6Al) beta alloy [30].
2.7 Surface processing for bio-medical application
In the case of implant materials, the interaction between the biological envi-
ronment and the implanted materials occurs on the biomaterial surface. Clinical 
Figure 3. 
Schematic representation of the ball burnishing.
Figure 2. 
Schematic representation of shot peening.
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success of implant materials is greatly dependent on various surface characteristics 
viz. chemical inertness, texture, corrosion resistance and surface energy [31] . In 
the case of orthopaedic implants, the surface should possess more bone forming 
ability and for blood contacting devices, it should not initiate any blood clot forma-
tion. Hence surface modification of biomedical grade beta titanium alloys is very 
significant. Oxide layer formation will occur spontaneously on the surface of tita-
nium on exposure to air. This TiO2 film possesses a thickness of about 1.5 to 10 nm 
at room temperature. Chemical stability and structural characteristics of this oxide 
film greatly influence the biocompatibility of titanium implant materials. Some of 
the potential methods to enhance the properties of native TiO2 film are anodisation, 
sol–gel methods, acidic and alkaline treatments [32]. In addition to these, specific 
surface topographies and roughness induced by mechanical surface modifications 
(sandblasting, grit blasting, peening) have improved the clinical success of implant 
materials. An overview of the various surface modification techniques employed for 
biomedical beta titanium alloys is schematically shown in Figure 4.
In dental applications, Laser Nitriding has proved to be an effective process in 
enhancing the surface hardness, the coefficient of friction and corrosion resis-
tance of the Ti-20Nb-13Zr and wear and corrosion resistance of Ti-13Nb-13Zr 
biomedical-beta alloys [34, 35]. Plasma nitrided beta 21S (Ti-15Mo-3Nb-3Al-0.2Si) 
alloy showed higher hardness but inferior corrosion resistance compared to the 
untreated alloy [36]. In line with the Nitriding, carburising of Ti-13Nb-13Zr (a 
biomedical beta alloy used for artificial joints) improved the surface hardness and 
wear resistance through the formation of the titanium carbide [37].
2.8 Powder metallurgy
As mentioned in the introduction (Section 1), a major limiting factor for 
the titanium application is its high production cost. In addition to the high raw 
Figure 4. 
Overview of surface modification of beta titanium alloys for biomedical application [33].
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material cost, the forging, machining contribute majorly to the production cost. 
This limitation instigated the industries to work towards processing methods 
through which the near net shape (NNS) could be obtained. Despite the higher 
cost involved, Powder metallurgy of titanium is capable of yielding almost same 
or better mechanical properties compared to wrought and cast components along 
with accurate net shape capability. This merit is mainly attributed to the absence 
of texture, segregation and nonuniformity in the grain size encountered in 
conventional processing.
Even for the components made through powder metallurgy route, solution treat-
ment followed by ageing (STA) leads to an enhancement in mechanical properties 
such as tensile strength and yield strength compared to the as-sintered condition 
[38]. Ti-10V-2Fe-3Al and Ti-11.5Mo-6Zr-4.5Sn alloys have been produced through 
powder metallurgy route. However, 90% of the powder metallurgy is focussed on 
the alpha + beta alloy Ti-6Al-4V.
Guo et al. [39] reported a remarkable increase in the mechanical properties of 
Ti-10V-2Fe-3Al powder alloy compared to the wrought and cast products through 
isothermal forging of the sintered alloy. Jiao et al. [40] studied the model of alpha 
phase spatial distribution in laser additive manufactured Ti-10V-2Fe-3Al. The influ-
ence of nano-scale alpha precipitates on tensile properties of age hardened laser 
additive manufactured Ti-5Al-5Mo-5V-1Cr-1Fe (Ti-55,511) alloy was studied by He 
et al. [41] and the authors reported that precipitated nanoscale alpha precipitates 
have led to a decline in ductility.
3. Applications
3.1 Aerospace applications
A recent forecast released by Airbus Industries [42], confirms the promising 
development of air transport requiring 37,400 aircraft at a value of 5.8 trillion US 
dollars business in the next 20 years. However, reducing the fuel consumption to 
control the emission of CO2 and NOx is the driving factor for the aerospace industries 
and this could be possible by reducing the overall weight [43]. Similarly, in space 
application weight of the payload is more crucial than civil/cargo aviation. Ti-6Al-4V 
is a workhorse for the aerospace industry for several decades and 65% of total tita-
nium production in the United States belongs to Ti-6Al-4V alloy [3].Even though the 
alpha +beta alloys dominated the scene, beta alloys with their unique characteristics 
such as excellent hardenability, heat treatability to high strength levels and a high 
degree of sheet formability, are becoming increasingly important for the aerospace 
sector. Beta alloys and their aerospace application are listed in the Table 2.
3.2 Biomedical applications
Titanium is the ultimate choice for biomedical applications as they outperform 
conventionally used biomedical alloys such as 316L stainless steel and cobalt-
chromium alloys [47]. The formation of a nanometre thick oxide layer on titanium 
when exposed to any environment imparts high corrosion resistance and superior 
biocompatibility [48]. All classes of titanium α, α + β, near β and β alloys are widely 
used for biomedical applications.
Despite being initially developed for aerospace applications, CP titanium 
and Ti-6Al-4V are still the most widely used Ti grades being used for biomedi-
cal applications. However, CP Ti is associated with lower wear resistance and 
Ti-6Al-4V when implanted inside the body releases Al and V ions which can 
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lead to severe neurological disorders and allergic reactions. Moreover, the elastic 
modulus values of these alloys (~110 GPa) are almost four times than that of 
human cortical bone (20–30 GPa) which can lead to stress shielding effect. This 
led to the development of β-Ti alloys composed of non-toxic elements and their 
inherent lower elastic modulus assists in reducing the stress shielding effect when 
used for orthopaedic applications [3]. Alloy systems based on Ti-Nb, Ti-Mo, 
Ti-Ta and Ti-Zr are potential materials for biomedical applications. Some of these 
β-Ti alloys initially developed are Ti-15Mo-5Zr-3Al, Ti-12Mo-6Zr-2Fe (TMZF), 
Ti-15Mo-3Nb-0.3O (21SRx) and Ti-13Nb-13Zr possessing modulus values in the 
range of 70–90 GPa.
In the early 1990s, medical device industry focused on developing these low 
modulus β-Ti alloys for orthopaedic applications. Initially, two β-Ti alloys Ti-13Nb-
13Zr specified by ASTM F1713 and Ti-12Mo-6Zr-2Fe (TMZF) specified by ASTM 
F1813 received Food and Drug Administration approval as implant materials. 
Among these, TMZF alloy possesses an elastic modulus of about 74–85 GPa, with a 
yield strength of 1000 MPa. During the early 2000s, this metastable β-Ti alloy was 
used for making hip stems, which rub against a modular neck made from a cobalt-
chromium based alloy. However, in 2011, the US Food and Drug Administration 
recalled the use of this TMZF alloy due to the unacceptable level of wear debris 
formation. Another β-Ti alloy 21SRx is derived from the aerospace alloy 21S from 
which aluminium was eliminated over biocompatibility concerns. In addition, alloys 
such as Ti-29Nb-13Ta-4.6Zr and Ti-35Nb-7Zr-5Ta are receiving increasing attention 
due to their lower elastic moduli of about 65 and 55 GPa, respectively, lower than 
other β-Ti alloys [50].
Apart from orthopaedics, titanium is extensively used in the dental applica-
tions [49]. In the case of orthodontic wire material, it should possess three general 
characteristics viz. large spring back (ability to be deflected over longer distances 
without permanent deformation), lower stiffness and high formability [51]. The 
initially utilised materials for orthodontic wire application were gold based alloys 
containing copper, palladium, platinum or nickel. However, spring back values 
of these gold alloys were limited owing to their lower yield strength. In the 1960s 
gold was replaced by stainless steel and cobalt-chromium based alloy (elgiloy). 
These materials continue to be the standard orthodontic wire material for the past 
S. No. Alloy Application/components
1 Ti-15V-3Al-3Cr-3Sn Landing gear, springs, sheet, plate and airframe castings, 
environmental control system ducting
2 Ti-6V-6Mo-5.7Fe-2.7Al Fasteners




5 Ti-11.5Mo-6Zr-4.5Sn Rivbolts—Boeing 747
6 Ti-5Al-5Mo-5V-3Cr Aircraft landing gear, Fuselage components and high lift devices
7 Ti-10V-2Fe-3Al 1. Aircraft landing gear
2. High strength forging
8 Beta 21s 1. Nozzle assembly parts in Boeing 777
2. Planned to use in Pratt & Whitney PW4168 engine components
9 Ti-35V-15Cr (Alloy C) Compressor and exhaust nozzle components
Table 2. 
Aerospace applications of beta titanium alloys [4, 9, 17, 43–46].
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human cortical bone (20–30 GPa) which can lead to stress shielding effect. This 
led to the development of β-Ti alloys composed of non-toxic elements and their 
inherent lower elastic modulus assists in reducing the stress shielding effect when 
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tions [49]. In the case of orthodontic wire material, it should possess three general 
characteristics viz. large spring back (ability to be deflected over longer distances 
without permanent deformation), lower stiffness and high formability [51]. The 
initially utilised materials for orthodontic wire application were gold based alloys 
containing copper, palladium, platinum or nickel. However, spring back values 
of these gold alloys were limited owing to their lower yield strength. In the 1960s 
gold was replaced by stainless steel and cobalt-chromium based alloy (elgiloy). 
These materials continue to be the standard orthodontic wire material for the past 
S. No. Alloy Application/components
1 Ti-15V-3Al-3Cr-3Sn Landing gear, springs, sheet, plate and airframe castings, 
environmental control system ducting
2 Ti-6V-6Mo-5.7Fe-2.7Al Fasteners




5 Ti-11.5Mo-6Zr-4.5Sn Rivbolts—Boeing 747
6 Ti-5Al-5Mo-5V-3Cr Aircraft landing gear, Fuselage components and high lift devices
7 Ti-10V-2Fe-3Al 1. Aircraft landing gear
2. High strength forging
8 Beta 21s 1. Nozzle assembly parts in Boeing 777
2. Planned to use in Pratt & Whitney PW4168 engine components
9 Ti-35V-15Cr (Alloy C) Compressor and exhaust nozzle components
Table 2. 
Aerospace applications of beta titanium alloys [4, 9, 17, 43–46].
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70 years and possess higher springiness and strength with comparable corrosion 
resistance. During the early 1970s, nickel-titanium alloy Nitinol (Nickel Titanium 
Naval Ordinance Laboratory) was also used for orthodontic wires. Even though 
Nitinol orthodontic archwires are widely used owing to their superior superelastic 
properties, their use is hampered by reduced formability during the final stages of 
treatment. Moreover, there are serious concerns over the nickel ion release from 
these materials in the oral environment. It was later demonstrated that orthodontic 
wires made from β-Ti alloy Ti-11.3Mo-6.6Zr-4.3Sn (TMA alloy) possess enhanced 
spring back and formability, along with reduced stiffness. TMA alloys possess ideal 
elastic modulus values lower than that of stainless steels and higher than nitinol 
[51]. The higher surface roughness associated with these TMA wires can, however, 
lead to arch wire-bracket sliding friction due to the high coefficient of friction of 
TMA alloys. One of the most successful approaches to tackle this problem is the 
ion implantation process which renders the TMA wires with lower surface rough-
ness and reduced friction coefficients. Another beta titanium alloy Ti-6Mo-4Sn 
was also investigated for orthodontic wire applications. By proper heat treatment 
procedures, this alloy exhibited an elastic modulus of 75 GPa and a tensile strength 
of 1650 MPa [52]. Ti-13V-11Cr-3Al, metastable Ti-3Al-8V-6Cr-4Mo-4Zr, metastable 
Ti-15V-3Cr-3Al-3Sn, near-beta Ti-10V-2Fe-3Al were also researched for dental 
archwire applications.
Though beta titanium alloys possess superior haemocompatibility, which is 
beneficial for cardiovascular devices, they are not fully exploited for cardiovas-
cular applications. Despite higher haemocompatibility, no β-Ti alloy based stents 
have been commercialised which can be attributed to their lower ductility and 
modulus as compared to 316L stainless steel and cobalt-chromium based stent 
materials. Recently, research based on the development of new β-Ti alloy composi-
tions for coronary stent applications has been getting increased attention. Initial 
studies on Ti-12Mo (wt %) and ternary Ti-9Mo-6W (wt %) demonstrated a 
ductility of about 46% and 43% respectively [53]. Apart from this, initial investi-
gations on Ti-50Ta, Ti-45Ta-5Ir and Ti-17Ir for stent applications were performed 
by Brien et al. [54]. Among the three alloys, Ti-17Ir exhibited a favourable elastic 
modulus of 128 GPa owing to the eutectoid Ti3Ir phase precipitation; iridium 
content will also assist in improving the fluoroscopic visibility of the stents during 
interventional procedures [54].
4. Conclusions
Beta titanium alloys have shown much promise and extensive research and 
development work has been devoted to this group of alloys over the last four 
decades. For aerospace applications, their heat treatability, high hardenability, 
high strength to weight ratio and excellent hot and cold workability are major 
attractions. For orthopaedic applications, their corrosion resistance to biofluids, 
biocompatibility and low elastic modulus coming close to that of human bone are 
the important attractive features. Accordingly, development of cost-effective pro-
cessing techniques has also assumed importance. Problems unique to beta titanium 
alloys such as high degree of proneness to segregation, high loads to be applied 
during hot working etc. have since been resolved. Powder processing and additive 
manufacturing of the alloys have recently received attention and hold promise. 
Surface modification has been an important part of the developmental efforts and 
has taken a prominent place, especially for biomedical applications. Coming years 
are bound to witness increased exploitation of this group of alloys, particularly in 
biomedical and aerospace applications.
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Abstract
Change of mechanical properties of near-alpha titanium alloy is experimentally 
investigated at stretching in the conditions of variation of temperature and high-
speed parameters of deformation. It is established that characteristics of mechanical 
properties, a structural state influence processes of dissipation of the spent energy. 
Studying of microstructure of samples before deformation by stretching allowed to 
install the main mechanisms of dissipative processes and to confirm a possibility of 
realization of superplasticity in the studied alloy.
Keywords: titanium alloy, tensile deformation, dissipation, superplasticity, 
microstructure
1. Introduction
Structural and phase transformations in metal alloys at deformation in the 
conditions of plasticity and superplasticity are a subject of long-term and system-
atic researches.
In scientific literature there are physical and mathematical models of deforma-
tion describing structural transformations in process as plastic and superplastic 
deformation of structural materials [1, 2].
However we have very few materials of publications in which results of the ther-
modynamic analysis directly correspond to researches of structural transforma-
tions. Authors of works [3–5] showed that one of the effective methods of studying 
of mechanisms of hot plastic deformation is the thermodynamic approach based on 
use of dynamic model of deformation of material.
According to the model of the elasto-visco-plastic environment, for any time-
point the power of the mechanical energy P coming to a deformable body is defined 
by the sum composed by G and J. Both are connected with production of entropy. 
However first (G) considers dissipation of energy through forming and hardening. 
Second (J) is connected with the adapting reorganizations in structure of grains of 
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a polycrystal directly in the course of action of the deforming tension. Hence it is 
connected with production of entropy in material:
  P = G + J = σε; = T (ds / dt) ≥ 0, (1)
where σ is tension, ε; is strain rate, T is temperature, and dS/dt is the speed of 
production of entropy.
Division of power of dissipation between G and J is defined by strain rate 
sensitivity m:
  dJ / dG = ∆log  (σ) / ∆log (ε;  ) = m. (2)
It is shown that for quantitative assessment of nature of dissipative processes 
and practical application, it is convenient to use effectiveness ratio of dissipation of 
energy (η):
  η = 2m / (m + 1) . (3)
The coefficient η characterizes ability of structure of material to dissipate the 
brought mechanical energy in the course of hot deformation.
Size η changes in the range from zero to unit and is interpreted as the relative 
speed of production of entropy.
In the present article, results of the research characteristics of dissipation of 
energy in industrial alloys in the course of uniaxial stretching and compression on 
the example of near-alpha titanium alloy are stated.
During the planning and implementation, the present article used system 
approach which included the detailed analysis of structure of alloy before deforma-
tion and comparison of results of structural researches to results of mechanical tests 
and calculation of coefficient of dissipation of energy.
2. Materials and experimental methods
Mechanical tests of samples of titanium alloy cut from hot-rolled sheet prod-
ucts with thickness of 40 mm, the chemical composition of which is given in the 
Table 1, were made at different temperatures and speed parameters.
The initial microstructure of titanium alloy corresponded to a two-phase state 
which was created in the course of hot rolling.
The received structure is characterized by the large initial size of grains of a 
β-phase (~300 μm) and represents mix of the α-plates divided by β-phase layers 
(Figure 1).
Mechanical tests on stretching at room temperature were carried out on the 
tensile testing machine UEN30 “Shimadzu.” At increased temperatures, the mod-
ernized universal testing machine UM5 was used.
Element content, % wt.
Al V Mo Fe Si C O H N Ti
5.4 2.0 1.2 0.25 0.3 0.1 0.15 0.08 0.04 The rest
Table 1. 
Chemical composition of the studied alloy.
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In an experiment, standard explosive samples with a diameter of 6 mm were 
used. For tests for compression cylindrical samples with a diameter of 5 and 10 mm 
on the high-temperature dilatometer DIL 805 were used.
At the same time deformation equaled ε = 0.3, and temperature of heating cor-
responded 800–1040°С. Average strain rate ε; was 10−3–10 s−1.
Calculation of effectiveness ratio of dissipation of energy at deformation of 
samples under various temperature and high-speed conditions consisted in forma-
tion of a matrix of values of true tension at the set extent of deformation and their 
logarithms.
Calculation of coefficients of m and η and calculation of intermediate values 
of effectiveness ratio of dissipation of energy were made by a method of spline 
interpolation.
Results of calculation can be presented in the tabular, analytical, or graphic 
style.
The most evident is representation of results of calculation η in the form of 
3D plot and cards of constant levels of effectiveness ratio of dissipation of energy. 
Calculation and creation of cards were carried out with the use of the Mathcad 15 
program.
Microstructural researches were carried out on the polished samples of the 
deformed samples, which are cut out in the cross-sectional and longitudinal direc-
tion with application of modern methods [5, 6].
To get images, information technologies and specialized programs have been 
used (“Expert Pro”, “Fractal”) [7, 8].
3. Results of researches and discussion
According to results of mechanical tests, dependences are constructed σ = f(ε).
The received dependences and their look do not contradict the settled ideas of 
behavior of metal polycrystals in the conditions of hot plastic deformation. So, in the 
Figure 1. 
Initial microstructure of alloy.
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course of process of plastic deformation of metal, tension smoothly increases and 
reaches a certain maximum (saturation) in which value is defined at the same time 
proceeding competing processes—hardenings and a weakening [9]. The growth 
rate of tension depends on temperature of heating and speed of deformation. At low 
temperatures and high speeds of deformation, flow stress continuously increases with 
deformation growth that is caused by the prevailing process of deformation hardening.
At the increased temperatures and low speeds of deformation, flow stress 
reaches a maximum and then goes down, reaching a certain constant value. In 
such type of charts, tension deformation is characteristic of the majority of the 
metals and alloys deformed at temperatures exceeding half the temperature of 
melting [10, 11].
Current tension size (σs) of the studied alloy depending on temperature and the 
speed of deformation is presented in Table 2.
Values of tension of a current at the set temperature and high-speed parameters 
of deformation were used for the subsequent calculation of effectiveness ratio of 
dissipation of energy η.
Change of coefficient η from temperature and high-speed parameters of defor-
mation are presented in the form of the volume chart (Figure 2) and also in the 
form of the card of constant levels of effectiveness ratio of dissipation of energy 
(Figure 3).
Analyzing the results of change of effectiveness ratio of dissipation of energy 
presented on 3D plot and the map of constant levels of effectiveness ratio of dis-
sipation depending on temperature and high-speed parameters of deformation, it is 
possible to note:
Temperature dependence η = f(t, ε;): It is characterized by a maximum at tem-
peratures 900–940°С. And with increase in speed of deformation, maximum shift 
toward big speeds of deformation is observed.
• The studied alloy is characterized by high efficiency of dissipation of energy in 
the studied range of temperature and high-speed parameters of process of hot 
deformation. Efficiency of energy of dissipation significantly does not change 
with increase in extent of deformation from 0.1 to 0.3.
• Mechanical properties of alloy at hot plastic deformation substantially depend 
on initial structure and temperature and high-speed parameters of deformation.
• In an initial state the studied alloy has the coarse-grained (not recrystallized) 
structure and the increased maintenance of a β-phase in comparison with an 
equilibrium state.
Т, °C σs, MPa
10−4 s−1 10−3 s−1 10−2 s−1 10−1 s−1
800 60 100 160 240
840 44 75 130 195
880 24 53 94 149
920 14 28 60 95
960 8.0 16 30 60
1000 5.8 10 18 32
Table 2. 
The flow stress of examined alloy at various temperatures and strain rate values for tensile strain of ε = 0.2.
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When heating alloy to temperature of 800°С, the first signs of recrystallization 
are observed, and further heating to temperatures of 920–940°С and endurance of 
15 min. Process of recrystallization proceeds completely.
To process recrystallization, α → β phase transformation is followed. An increase 
of the β-phase contents in the alloy when heated is represented in Table 3.
Figure 2. 
3D plot of effectiveness ratio dissipations of energy at ε = 0.2.
Figure 3. 
Processing map for titanium alloy. Constant levels of coefficient efficiency of dissipation at ε = 0.2.
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Increasing the heating temperature of the alloy leads to an increase in the phase 
change rate due to an increase in self-diffusion. The largest speed of phase trans-
formation is observed at a temperature of heating of 900–950°C. The quantity of 
α- and β-phases decreases with temperature increase and increase in hold time. The 
quantity of a phase decreases with temperature increase and increase in hold time. 
At alloy heating temperatures (1040°С), the phase transformation which is followed 
by sharp integration of grains of a β-phase completely comes to the end (Table 3).
It follows from the provided data that the microstructure and phase composition 
of alloys undergo significant changes at a temperature of heating to temperatures 
more than 950°С owing to full completion of process of recrystallization and phase 
α→β transformations.
Results of researches on the change of structure of alloy in the course of defor-
mation at various temperatures and extent of deformation 0.4 are presented in 
Table 4.
Grain size change in phase α→β transformation is characteristic for structure at 
hot deformation of alloy. If the size of grains α-phases decreases, then the size of 
grains β-phases on the contrary increases.
As appears from the data provided in Table 4 in the course of deformation of 
alloy, there is an increase in quantity of β-phases. The considerable difference in 
the number of phases of composition of alloy is observed at deformation speeds 
10−3 s−1. Further increase in speed of deformation practically does not lead to 
significant change of quantity of β-phases in comparison with an initial condition 
of alloy. Increased rate of deformation results in intensive phase transformation in 
alloy at small degrees of deformation.
So, at extent of deformation ε = 0.4, quantity of β-phases reaches 12–20%, and at 
extent of deformation from 0.4 to 1.0, it reaches only 3–4%.
Change of phase composition in the course of deformation is often connected 
with intensity of diffusive processes. The authors of [11] note that heating to the 
temperature of deformation of the titanium alloy does not lead to the achievement 
of phase equilibrium. The reason for this phenomenon is the relatively low diffusion 
mobility of β-stabilizing elements. For example, the β-phase content is 49% at a 
strain temperature of 950°C and 30 minutes.
Т, °C Grain size, μm Phase composition, %
ε = 0 ε = 0.4 ε = 0 ε = 0.4
I II I II
α β α β α β α β α β α β
840 12.7 4.7 6.8 2.4 6.6 5.5 3.6 2.5 70 30 54 46
900 11.0 4.9 6.6 3.0 7.9 7.7 4.3 4.2 60 40 42 58
960 10.4 6.7 6.8 5.1 9.9 12.5 6.7 6.9 35 65 22 78
Note: I, longitudinal section of a sample; II, the cross-section of a sample.
Table 4. 
The size of grain and phase composition of alloy before deformation at various temperatures.
Т, °С 750 800 850 900 950 1000 1040
β-phase, % 15 20 28 40 65 82 100
Table 3. 
Change of volume fraction of a β-phase when heating alloy.
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Practically the same quantity of β-phases is observed at 2.5 min. Endurance with 
extent of deformation ε = 0.5. This circumstance allows to make the assumption 
that not only the increase in diffusive mobility of atoms is caused by deformation 
but also temperature change of phase balance is the reason of phase transformation 
at action of external tension.
The phase α↔β transformation is accompanied by a volumetric effect. 
It is known that various authors estimate this value to be about 0.15% [12]. 
Transformation of α↔β is accompanied by a volumetric effect and α→β 
 transformation-negative volumetric effect. Therefore with an external pressure, 
there is a temperature change of polymorphic transformation. The speed of phase 
transformations generally depends on the difference of free energy of an initial and 
final state and also the size of change of volume upon this transition. As the size of 
free energy and volume depend on pressure, it is possible to expect that the speed of 
phase transformations will also depend on pressure.
In that case when phase transformations are carried out in the diffusive way, 
the kinetics of phase transformations is defined by change of speed of the course of 
diffusive processes with a pressure.
The driving force of phase β→α transformation in titanium alloys is shift of 
phase equilibrium temperature under action of external tensions. The rate of phase 
change is determined by the diffusion mobility of the β stabilizing elements’ atoms. 
The interesting fact established when studying changes of a microstructure of alloys 
at hot deformation is transformation of initial lamellar structure in granular, which 
is most brightly shown at a temperature of deformation of 920°C and strain rate of 
1.1∙10−3 s−1 (Figure 4).
Grain shape coefficient was determined by quantitative
metallography method Кф = lα/dα; where lα is the length of the plates and dα is the 
width of the plates α-phases. The results of the calculations showed that intensive 
change of grain shape occurs up to deformation of 100%; at higher deformation, Kf 
stabilizes at values of ≈ 1.2–1.5.
Equiaxial grains of structure 200÷ 300 microns in size are observed in the field 
of temperatures of β-phases (t ≥ 1040°С).
The nature of dissipative processes described above finally defines indicators 
of plasticity of alloy. Maximum stability of plastic deformation of alloy is observed 
at compliance of temperature-speed deformation parameters and maximum 
Figure 4. 
An alloy microstructure after deformation at 920°С and speeds of deformation 1,1.10−3 s−1. (a) δ = 55%, 
(b) δ = 200%. ×1000.
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Increasing the heating temperature of the alloy leads to an increase in the phase 
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coefficient of energy dissipation efficiency [10]. All signs of superplasticity state are 
observed at temperature of 920-960°C and deformation rate of 10−3–10−2 s−1.
Thus, on the basis of the analysis of structural changes when heating and plastic 
deformation of alloy, it is possible to draw the following conclusions.
4. Conclusions
1. At hot plastic deformation of the studied titanium alloy, there are, at least, two 
dissipative processes—dynamic recrystallization and phase transformation.
2. The maximum of efficiency of dissipation corresponds to the simultaneous 
balanced course of these two processes.
3. The temperature and high-speed extremum of effectiveness ratio of a dissipa-
tion of energy corresponds to conditions of the maximum stability at a plastic 
strain of alloy.
4. Results of researches about development and speed of dissipative processes 
at a hot plastic strain of the studied alloy can be used for optimization of the 
technological modes of hot treatment by pressure.
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Chapter 6
Surface Treatment of Titanium
Alloys in Oxygen-Containing
Gaseous Medium
Vasyl Trush, Viktor Fedirko and Alexander Luk’yanenko
Abstract
The aim of investigations on the chapter was to determine regularities of solid
solution hardening of surface layers of titanium alloys depending on the conditions
of thermodiffusion saturation in rarified gas medium containing oxygen and
determine the correlations between parameters of surface-hardened layers (surface
hardness, depth of hardened zone, microstructure) and fatigue properties of
titanium alloys under various methods of surface hardening. To achieve the
formulated aim, the following methods were used: (a) thermodiffusion saturation
of titanium alloys in rarified gas medium containing oxygen in the wide range of
temperature-time and gas-dynamical parameters and (b) surface deformation by
ultrasonic shock and shot-blasting treatments with rapid annealing of deformed
surface by means of induction heating. The positive influence of surface hardening
on the fatigue characteristics is decreased under the increasing of l when K is
constant. The highest relative gain of fatigue strength (Δσ1) of samples with CTT
surface-hardened layers is marked for the low- and middle-strong alloys VT1-0 and
OT4-1. Thus for alloy VT1-0, Δσ1 = 35% under relative gain of surface hardness
K = 70% and l = 3 0 μm. For the near-α-alloy OT4-1, Δσ1 = 38% under relative gain
of surface hardness K = 35% and l = 4 5 …50 μm.
Keywords: titanium alloy, oxygen, mass gain, solid-solution hardening,
fatigue strength
1. Introduction
An increasing of fatigue strength and endurance of titanium alloys of various
structural classes can be achieved by the formation of surface layers with regulated
structure and phase state during surface hardening processes of chemico-thermal
treatment (CTT). CTT in the present time the thermodiffusion hardening of surface
layers by interstitial impurities is not used to increase the fatigue properties of
workpieces made of titanium alloys. However, works performed at PMI NASU have
shown that the range of the parameter K exists where the endurance of alloys with
gas-saturated layers is higher than fatigue endurance in the initial state. An optimal
level of surface hardening depends on the phase-structural state of metal and
relative depth of gas-saturated zone. The problem arises in the controlling of inten-
sity of the physical and chemical processes in a “titanium alloy/gas medium” system
to obtain the optimal phase-structural state of surface layers and increase the
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operating characteristics of metal. Therefore the aim of investigations on the second
stage of the project was to determine (a) regularities of solid solution hardening of
surface layers of titanium alloys (α, near-α, α + β) depending on the conditions of
thermodiffusion saturation in rarified gas medium containing oxygen and (b) gen-
eral regularities of influence of methods and regimes of surface deformation on
phase, structural, and substructural state of various titanium alloys. It is expected
that obtained results will allow to forecast the influence of the regime of CTT on the
phase-structural state of surface layers of metal and level of hardening and deter-
mine the parameters of thermal treatments for achieving the regulated level of
hardening.
Increasing of fatigue strength and durability of titanium alloy workpieces
remains an actual modern problem. It is known that fatigue properties of titanium
alloys can be increased sufficiently by means of optimization of phase-structural
state of surface layer. The aim of the investigations of paper was to determine the
correlations between parameters of surface-hardened layers (surface hardness,
depth of hardened zone, microstructure) and fatigue properties of titanium alloys
VT1-0, VT5, ОТ4-1, VT16, and VT22 under various methods of surface hardening:
thermodiffusion saturation in gas medium containing oxygen (CTT). Determina-
tion of such correlations allow to define the parameters of surface hardening of
titanium alloys necessary for increasing of fatigue properties and approximate these
methods of surface hardening to the practical application.
2. Regularities of solid solution hardening of surface layers of titanium
alloys (α, near-α, and α + β) depending on conditions of
thermodiffusion saturation in rarefied gaseous medium containing
oxygen
Accordingly, with the results obtained previously, the required level of solid
solution hardening of surface layers of titanium alloys by interstitial impurities
depends on the phase-structural state of metal and relative depth of hardened (gas-
saturated) zone. In this connection the problem of purposeful control of intensity of
physicochemical processes in the system “titanium (titanium alloy)/gas medium”
for the formation of required phase-structural state of surface layers aimed to
ensure the corresponding operating performance of materials (fatigue strength,
endurance, etc.) arises. In turn, this envisages the study of kinetic regularities of
interaction of titanium alloys in rarefied gas medium.
2.1 Kinetic parameters of interaction of VT1-0, VT5, OT4-1, and VT16 alloys
with rarefied gas medium
As a result of interaction of titanium alloys with rarefied gas medium containing
oxygen, the processes of sublimation and phase formation may take place [1]. The
processes of gas saturation and phase formation will be predominated at selected
temperatures (923…1023 K) and pressures (6.6  103…6.6  102 Pa), according
to the analysis of changing of free energy of formation of solid solution of oxygen in
titanium and titanium monoxide (Figure 1).
At the individual case, for alloys alloyed by manganese, molybdenum, and
vanadium, the sublimation is possible due to the formation of oxide compounds
with high pressure of saturated vapor [2]. Thus the gas saturation and phase for-
mation increase the specimen mass of investigated titanium alloy, while sublima-
tion decreases.
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The influence of temperature-time and gas-dynamical parameters (T = 650,
700, 750°С, τ = 1, 3, 5 h, P = 6.6 � 10�3, 1.33 � 10�2, 6.6 � 10�2 Pa) of
thermodiffusion saturation in controlled gas medium on the regularities of interac-
tion of titanium alloys VT1-0, VT5, OT4-1, and VT16 is investigated by means of
gravimetric analysis. The kinetic parameters of interaction of investigated titanium
alloys determined by means of gravimetric analysis are shown in Tables 1–4.
According to the obtained results for α-titanium alloys (VT1-0, VT5), the pro-
cess of gas saturation is intensified with the increasing of interaction temperature
and pressure of gas medium (partial pressure of oxygen). The α-alloy VT1-0 (tech-
nical titanium) has the largest rate of interaction with rarefied gas medium
containing oxygen under the all conditions. Alloying of titanium by 5% Al-alloy
VT5-slows down slightly the rate of mass gain under the same conditions of inter-
action.
The mass loss caused by intensification of sublimation of alloying element Mn is
possible for near-α-alloy OT4-1 (2% β-phase) under definite conditions of interac-
tion with rarefied gas medium. The ratio of parameters T and P exists for this alloy
when the rates of the gas saturation and sublimation processes become comparable.
For the predomination of gas saturation processes, it is necessary to increase the
partial pressure of oxygen or decrease the temperature of interaction.
Rate of gas saturation in rarefied gas medium decreased substantially with the
increasing of quantity of β-phase in alloys (VT16 ! VT22). This is caused by the
decreasing of maximal solubility of oxygen in β-phase of titanium (6 at.%) in
comparison with α-phase (33 at.%). With the increasing of interaction temperature,
this difference appeared most appreciably. Therefore, it was concluded that alloys
with large quantity of β-phase are the ones less sensitive to the changing of the
conditions of interaction with rarefied gas medium containing oxygen.
Figure 1.
Changes of free energy of formation of oxygen solid solutions in alpha-titanium and titanium monoxide as a
function of (a) oxygen pressure and (b) temperature [1].
T, °C ΔM/S (μg/cm2) at residual pressure of gas medium
P = 6.6 � 10�3 Pa P = 1.33 � 10�2 Pa P = 6.6 � 10�2 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5 h
650 3.46 9.905 15.98 4.58 12.9 20.61 7.95 21.34 33.14
700 8.109 22.96 36.82 10.67 29.68 47.07 18.25 48.11 73.9
750 17.416 48.83 77.85 22.82 62.68 98.64 38.45 99.49 151.23
Table 1.
The specific mass gain of specimens of titanium alloy VT1-0 as a result of interaction with rarefied gas medium
containing oxygen.
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operating characteristics of metal. Therefore the aim of investigations on the second
stage of the project was to determine (a) regularities of solid solution hardening of
surface layers of titanium alloys (α, near-α, α + β) depending on the conditions of
thermodiffusion saturation in rarified gas medium containing oxygen and (b) gen-
eral regularities of influence of methods and regimes of surface deformation on
phase, structural, and substructural state of various titanium alloys. It is expected
that obtained results will allow to forecast the influence of the regime of CTT on the
phase-structural state of surface layers of metal and level of hardening and deter-
mine the parameters of thermal treatments for achieving the regulated level of
hardening.
Increasing of fatigue strength and durability of titanium alloy workpieces
remains an actual modern problem. It is known that fatigue properties of titanium
alloys can be increased sufficiently by means of optimization of phase-structural
state of surface layer. The aim of the investigations of paper was to determine the
correlations between parameters of surface-hardened layers (surface hardness,
depth of hardened zone, microstructure) and fatigue properties of titanium alloys
VT1-0, VT5, ОТ4-1, VT16, and VT22 under various methods of surface hardening:
thermodiffusion saturation in gas medium containing oxygen (CTT). Determina-
tion of such correlations allow to define the parameters of surface hardening of
titanium alloys necessary for increasing of fatigue properties and approximate these
methods of surface hardening to the practical application.
2. Regularities of solid solution hardening of surface layers of titanium
alloys (α, near-α, and α + β) depending on conditions of
thermodiffusion saturation in rarefied gaseous medium containing
oxygen
Accordingly, with the results obtained previously, the required level of solid
solution hardening of surface layers of titanium alloys by interstitial impurities
depends on the phase-structural state of metal and relative depth of hardened (gas-
saturated) zone. In this connection the problem of purposeful control of intensity of
physicochemical processes in the system “titanium (titanium alloy)/gas medium”
for the formation of required phase-structural state of surface layers aimed to
ensure the corresponding operating performance of materials (fatigue strength,
endurance, etc.) arises. In turn, this envisages the study of kinetic regularities of
interaction of titanium alloys in rarefied gas medium.
2.1 Kinetic parameters of interaction of VT1-0, VT5, OT4-1, and VT16 alloys
with rarefied gas medium
As a result of interaction of titanium alloys with rarefied gas medium containing
oxygen, the processes of sublimation and phase formation may take place [1]. The
processes of gas saturation and phase formation will be predominated at selected
temperatures (923…1023 K) and pressures (6.6  103…6.6  102 Pa), according
to the analysis of changing of free energy of formation of solid solution of oxygen in
titanium and titanium monoxide (Figure 1).
At the individual case, for alloys alloyed by manganese, molybdenum, and
vanadium, the sublimation is possible due to the formation of oxide compounds
with high pressure of saturated vapor [2]. Thus the gas saturation and phase for-
mation increase the specimen mass of investigated titanium alloy, while sublima-
tion decreases.
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The influence of temperature-time and gas-dynamical parameters (T = 650,
700, 750°С, τ = 1, 3, 5 h, P = 6.6 � 10�3, 1.33 � 10�2, 6.6 � 10�2 Pa) of
thermodiffusion saturation in controlled gas medium on the regularities of interac-
tion of titanium alloys VT1-0, VT5, OT4-1, and VT16 is investigated by means of
gravimetric analysis. The kinetic parameters of interaction of investigated titanium
alloys determined by means of gravimetric analysis are shown in Tables 1–4.
According to the obtained results for α-titanium alloys (VT1-0, VT5), the pro-
cess of gas saturation is intensified with the increasing of interaction temperature
and pressure of gas medium (partial pressure of oxygen). The α-alloy VT1-0 (tech-
nical titanium) has the largest rate of interaction with rarefied gas medium
containing oxygen under the all conditions. Alloying of titanium by 5% Al-alloy
VT5-slows down slightly the rate of mass gain under the same conditions of inter-
action.
The mass loss caused by intensification of sublimation of alloying element Mn is
possible for near-α-alloy OT4-1 (2% β-phase) under definite conditions of interac-
tion with rarefied gas medium. The ratio of parameters T and P exists for this alloy
when the rates of the gas saturation and sublimation processes become comparable.
For the predomination of gas saturation processes, it is necessary to increase the
partial pressure of oxygen or decrease the temperature of interaction.
Rate of gas saturation in rarefied gas medium decreased substantially with the
increasing of quantity of β-phase in alloys (VT16 ! VT22). This is caused by the
decreasing of maximal solubility of oxygen in β-phase of titanium (6 at.%) in
comparison with α-phase (33 at.%). With the increasing of interaction temperature,
this difference appeared most appreciably. Therefore, it was concluded that alloys
with large quantity of β-phase are the ones less sensitive to the changing of the
conditions of interaction with rarefied gas medium containing oxygen.
Figure 1.
Changes of free energy of formation of oxygen solid solutions in alpha-titanium and titanium monoxide as a
function of (a) oxygen pressure and (b) temperature [1].
T, °C ΔM/S (μg/cm2) at residual pressure of gas medium
P = 6.6 � 10�3 Pa P = 1.33 � 10�2 Pa P = 6.6 � 10�2 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5 h
650 3.46 9.905 15.98 4.58 12.9 20.61 7.95 21.34 33.14
700 8.109 22.96 36.82 10.67 29.68 47.07 18.25 48.11 73.9
750 17.416 48.83 77.85 22.82 62.68 98.64 38.45 99.49 151.23
Table 1.
The specific mass gain of specimens of titanium alloy VT1-0 as a result of interaction with rarefied gas medium
containing oxygen.
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Let us calculate the kinetic parameters as the function of temperature accord-
ingly with the data of mass changing of specimens of titanium alloys in rarefied gas
medium containing oxygen.
All kinetic dependences in the 5-h interval at the residual pressure
P = 1.33 � 10�2 Pa follow linear dependence (1) satisfactorily. This indicates that
surface reactions at the “metal-gas” interface are the controlling stage of the
processes [3]:
ΔM=S ¼ kP � τ �A  � 10�2, g=m2  (1)
where kp is the coefficient of linear rate under constant pressure and A is the
confidence interval with a possibility of 0.98.
The coefficient of linear rate under isobaric conditions of thermally activated
process depends on the absolute temperature T accordingly with Arrhenius
equations [1]:
T, °C ΔM/S (μg/cm2) at residual pressure of gas medium
P = 6.6 � 10�3 Pa P = 1.33 � 10�2 Pa P = 6.6 � 10�2 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5 h
650 2.00 6.00 9.66 2.50 7.80 13.00 3.50 10.60 17.80
700 2.32 7.00 11.60 2.80 8.80 14.20 4.10 12.60 22.50
750 2.80 8.50 13.29 3.20 9.75 16.60 5.30 16.70 27.40
Table 4.
The specific mass gain of specimens of titanium alloy VT16 as a result of interaction with rarefied gas medium
containing oxygen.
T, °C ΔM/S (μg/cm2) at residual pressure of gas medium
P = 6.6 � 10�3 Pa P = 1.33 � 10�2 Pa P = 6.6 � 10�2 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5 h
650 2.24 6.53 10.65 2.57 7.44 12.10 3.31 9.48 15.31
700 5.62 16.2 26.29 6.43 18.42 29.77 8.24 23.31 37.36
750 12.83 36.64 59.07 14.64 41.49 66.60 18.68 52.14 82.86
Table 2.
The specific mass gain of specimens of titanium alloy VT5 as a result of interaction with rarefied gas medium
containing oxygen.
T, °C ΔM/S (μg/cm2) at residual pressure of gas medium
P = 6.6 � 10�3 Pa P = 1.33 � 10�2 Pa P = 6.6 � 10�2 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5
650 �0.10 �0.31 �0.52 3.18 9.55 16.0 7.25 22.00 36.75
700 �0.16 �0.49 �0.82 4.98 15.0 25.0 11.50 34.75 57.75
750 �0.24 �0.73 �1.23 7.47 22.0 37.0 17.25 52.00 86.50
Table 3.
The specific mass change of specimens of titanium alloy OT4-1 as a result of interaction with rarefied gas
medium containing oxygen.
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kP Tð Þ ¼ B � exp �Eекс=RTð Þ � C, g m�2 h�1
 
(2)
where B is the constant depending on temperature, Eекс is the total energy of
process activation, and C is the confidence interval with a possibility of 0.98.
Constants for Eqs. (1) and (2) and experimental activation energy of process are
presented in Table 5.
All kinetic regularities follow linear dependence satisfactorily under isothermal
conditions and various pressures accordingly with the data of thermogravimetry:
ΔM=S ¼ kТ � τ � F  � 10�2, g=m2  (3)
where kT is the coefficient of linear rate under constant temperature (700°C)
and F is the confidence interval with a possibility of 0.98. Dependence of coefficient
of linear rate under isothermal conditions on the residual pressure of medium is
approximated satisfactorily by logarithmic dependence:
kT Pð Þ ¼ H þ J � ln Pð Þ½ � � K, g m2 h�1  (4)
where H and J are the constants depending on pressure and K is the confidence
interval with a possibility of 0.98.
Coefficients for Eqs. (3) and (4) are presented in Table 6.
2.2 Effect of temperature and time on surface metal hardness and hardening
zone depth
Formation of interstitial solid solution in the metal during diffusion saturation of
titanium alloys by gases in rarefied gas medium (mainly by oxygen) is bound up
with strong distortion of crystallographic lattice (Figure 2) and as a result of this
with essential increasing of hardness of metal. Therefore, the parameters of gas-
saturated layers were determined by means of two methods: using microhardness
Alloy T, °C At Т = 700°С
Using formula (1) Using formula (2)
kP, g m�2 h�1 A, g m�2 B, g m�2 h�1 Eекс, J mol
�1 C, g m�2 h�1
ВТ1-0 650 3.23 1.67 4 � 107 7447.6 4.66
700 7.46 3.53
750 15.8 4.21
ВТ5 650 2.44 0.59 1 � 108 8140.6 3.91
700 6.02 2.96
750 13.49 4.10
ВТ16 650 2.6 0.1 29.21 1350.8 1.07
700 2.86 0.87
750 3.3 1.10
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Let us calculate the kinetic parameters as the function of temperature accord-
ingly with the data of mass changing of specimens of titanium alloys in rarefied gas
medium containing oxygen.
All kinetic dependences in the 5-h interval at the residual pressure
P = 1.33 � 10�2 Pa follow linear dependence (1) satisfactorily. This indicates that
surface reactions at the “metal-gas” interface are the controlling stage of the
processes [3]:
ΔM=S ¼ kP � τ �A  � 10�2, g=m2  (1)
where kp is the coefficient of linear rate under constant pressure and A is the
confidence interval with a possibility of 0.98.
The coefficient of linear rate under isobaric conditions of thermally activated
process depends on the absolute temperature T accordingly with Arrhenius
equations [1]:
T, °C ΔM/S (μg/cm2) at residual pressure of gas medium
P = 6.6 � 10�3 Pa P = 1.33 � 10�2 Pa P = 6.6 � 10�2 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5 h
650 2.00 6.00 9.66 2.50 7.80 13.00 3.50 10.60 17.80
700 2.32 7.00 11.60 2.80 8.80 14.20 4.10 12.60 22.50
750 2.80 8.50 13.29 3.20 9.75 16.60 5.30 16.70 27.40
Table 4.
The specific mass gain of specimens of titanium alloy VT16 as a result of interaction with rarefied gas medium
containing oxygen.
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P = 6.6 � 10�3 Pa P = 1.33 � 10�2 Pa P = 6.6 � 10�2 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5 h
650 2.24 6.53 10.65 2.57 7.44 12.10 3.31 9.48 15.31
700 5.62 16.2 26.29 6.43 18.42 29.77 8.24 23.31 37.36
750 12.83 36.64 59.07 14.64 41.49 66.60 18.68 52.14 82.86
Table 2.
The specific mass gain of specimens of titanium alloy VT5 as a result of interaction with rarefied gas medium
containing oxygen.
T, °C ΔM/S (μg/cm2) at residual pressure of gas medium
P = 6.6 � 10�3 Pa P = 1.33 � 10�2 Pa P = 6.6 � 10�2 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5
650 �0.10 �0.31 �0.52 3.18 9.55 16.0 7.25 22.00 36.75
700 �0.16 �0.49 �0.82 4.98 15.0 25.0 11.50 34.75 57.75
750 �0.24 �0.73 �1.23 7.47 22.0 37.0 17.25 52.00 86.50
Table 3.
The specific mass change of specimens of titanium alloy OT4-1 as a result of interaction with rarefied gas
medium containing oxygen.
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kP Tð Þ ¼ B � exp �Eекс=RTð Þ � C, g m�2 h�1
 
(2)
where B is the constant depending on temperature, Eекс is the total energy of
process activation, and C is the confidence interval with a possibility of 0.98.
Constants for Eqs. (1) and (2) and experimental activation energy of process are
presented in Table 5.
All kinetic regularities follow linear dependence satisfactorily under isothermal
conditions and various pressures accordingly with the data of thermogravimetry:
ΔM=S ¼ kТ � τ � F  � 10�2, g=m2  (3)
where kT is the coefficient of linear rate under constant temperature (700°C)
and F is the confidence interval with a possibility of 0.98. Dependence of coefficient
of linear rate under isothermal conditions on the residual pressure of medium is
approximated satisfactorily by logarithmic dependence:
kT Pð Þ ¼ H þ J � ln Pð Þ½ � � K, g m2 h�1  (4)
where H and J are the constants depending on pressure and K is the confidence
interval with a possibility of 0.98.
Coefficients for Eqs. (3) and (4) are presented in Table 6.
2.2 Effect of temperature and time on surface metal hardness and hardening
zone depth
Formation of interstitial solid solution in the metal during diffusion saturation of
titanium alloys by gases in rarefied gas medium (mainly by oxygen) is bound up
with strong distortion of crystallographic lattice (Figure 2) and as a result of this
with essential increasing of hardness of metal. Therefore, the parameters of gas-
saturated layers were determined by means of two methods: using microhardness
Alloy T, °C At Т = 700°С
Using formula (1) Using formula (2)
kP, g m�2 h�1 A, g m�2 B, g m�2 h�1 Eекс, J mol
�1 C, g m�2 h�1
ВТ1-0 650 3.23 1.67 4 � 107 7447.6 4.66
700 7.46 3.53
750 15.8 4.21
ВТ5 650 2.44 0.59 1 � 108 8140.6 3.91
700 6.02 2.96
750 13.49 4.10
ВТ16 650 2.6 0.1 29.21 1350.8 1.07
700 2.86 0.87
750 3.3 1.10
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that was measured on both surface and cross section of metallographic sample made
of the gas-saturated specimen and changing parameters of crystallographic lattice.
The last one method is more complex and laborious; therefore, it was used only for
determination of parameters of maximally hardened layer. Depth of gas-saturated
layer recognizes as a distance from the surface where increasing of hardness caused
by dissolution of oxygen is equal to the measurement error.
The experimentally obtained results of influence of parameters of
thermodiffusion saturation on the gain of surface hardness K of investigated tita-
nium alloys are presented in Tables 7–14 (K = ((Hμs  Hμc)/Hμс)  100%, where
Hμs is the surface hardness of metal and Hμc is the bulk hardness) and depth of gas-
saturated zone l determined by durometry.
The results concerning the determination of parameters of crystallographic lat-
tice of specimens of investigated alloys after different regimes of thermodiffusion
saturation are presented in Tables 15–18.
Alloy P  102 Pa At Т = 700°С
Using formula (3) Using formula (4)
kT, g m2 h1 F, g m2 H, g m2 h1 J, g m2 h1 K, g m2 h1
ВТ1-0 0.66 7.46 1.25 24.357 3.3804 1.05
1.33 9.57 1.53
6.6 15.2 2.24
ВТ5 0.66 5.3 0.64 10.243 0.98 0.77
1.33 6.02 0.90
6.6 7.57 1.68
ВТ16 0.66 2.32 0.24 6.8862 0.9116 0.37
1.33 2.86 0.74
6.6 4.41 1.05
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Figure 2.
Changing of ratio of parameters of crystallographic lattice (c/a) of titanium alloy surface layer VT1-0 as a
function of CTT regime: (1) in initial state, (2) after CTT: Т = 650°С, P = 6.6  103 Pa, τ = 5 h, (3) after
CTT: Т = 750°С, P = 6.6  103 Pa, τ = 5 h.
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The regularities of thermodiffusion saturation intrinsic for all investigated alloys
were revealed basing on the analysis of obtained results, namely, parameters of gas-
saturated layer Hμs, ΔHμs, and l increase with the increasing of saturation time
T, °С K (%) at residual pressure of gas medium
P = 6.6  103 Pa P = 1.33  102 Pa P = 6.6  102 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5 h
650 30 47 58 37 58 70 52 78 92
700 28 45 56 35 56 67 50 75 89
750 6.5 11 15 10 18 22 20 32 40
Table 8.
Gain of surface hardness of titanium alloy VT5 as a result of interaction with rarefied gas medium containing
oxygen.
T, °С K (%) at residual pressure of gas medium
P = 6.6  103 Pa P = 1.33  102 Pa P = 6.6  102 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5 h
650 38 66 86 33 58 75 11 18 24
700 17 30 38.9 28 50 64 26 45 59
750 9 17 22 8 15 19 13 23 29
Table 9.
Gain of surface hardness of titanium alloy OT4-1 as a result of interaction with rarefied gas medium
containing oxygen.
T, °С K (%) at residual pressure of gas medium
P = 6.6  103 Pa P = 1.33  102 Pa P = 6.6  102 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5 h
650 41 66 81 56 85 103 80 121 143
700 37 61 75 49 78 96 74 113 134
750 22 37 47 30 48 60 45 72 88
Table 7.
Gain of surface hardness of titanium alloy VT1-0 as a result of interaction with rarefied gas medium
containing oxygen.
T, °C K (%) at residual pressure of gas medium
P = 6.6  103 Pa P = 1.33  102 Pa P = 6.6  102 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5 h
650 25 47 60.2 24 41 54 22 38 48.8
700 5 9 11.8 3 5 6.7 1 2 2.5
750 0.45 0.77 1 0.4 0.8 0.76 0.4 0.8 1
Table 10.
Gain of surface hardness of titanium alloy VT16 as a result of interaction with rarefied gas medium containing
oxygen.
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that was measured on both surface and cross section of metallographic sample made
of the gas-saturated specimen and changing parameters of crystallographic lattice.
The last one method is more complex and laborious; therefore, it was used only for
determination of parameters of maximally hardened layer. Depth of gas-saturated
layer recognizes as a distance from the surface where increasing of hardness caused
by dissolution of oxygen is equal to the measurement error.
The experimentally obtained results of influence of parameters of
thermodiffusion saturation on the gain of surface hardness K of investigated tita-
nium alloys are presented in Tables 7–14 (K = ((Hμs  Hμc)/Hμс)  100%, where
Hμs is the surface hardness of metal and Hμc is the bulk hardness) and depth of gas-
saturated zone l determined by durometry.
The results concerning the determination of parameters of crystallographic lat-
tice of specimens of investigated alloys after different regimes of thermodiffusion
saturation are presented in Tables 15–18.
Alloy P  102 Pa At Т = 700°С
Using formula (3) Using formula (4)
kT, g m2 h1 F, g m2 H, g m2 h1 J, g m2 h1 K, g m2 h1
ВТ1-0 0.66 7.46 1.25 24.357 3.3804 1.05
1.33 9.57 1.53
6.6 15.2 2.24
ВТ5 0.66 5.3 0.64 10.243 0.98 0.77
1.33 6.02 0.90
6.6 7.57 1.68
ВТ16 0.66 2.32 0.24 6.8862 0.9116 0.37
1.33 2.86 0.74
6.6 4.41 1.05
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Figure 2.
Changing of ratio of parameters of crystallographic lattice (c/a) of titanium alloy surface layer VT1-0 as a
function of CTT regime: (1) in initial state, (2) after CTT: Т = 650°С, P = 6.6  103 Pa, τ = 5 h, (3) after
CTT: Т = 750°С, P = 6.6  103 Pa, τ = 5 h.
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The regularities of thermodiffusion saturation intrinsic for all investigated alloys
were revealed basing on the analysis of obtained results, namely, parameters of gas-
saturated layer Hμs, ΔHμs, and l increase with the increasing of saturation time
T, °С K (%) at residual pressure of gas medium
P = 6.6  103 Pa P = 1.33  102 Pa P = 6.6  102 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5 h
650 30 47 58 37 58 70 52 78 92
700 28 45 56 35 56 67 50 75 89
750 6.5 11 15 10 18 22 20 32 40
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Gain of surface hardness of titanium alloy VT5 as a result of interaction with rarefied gas medium containing
oxygen.
T, °С K (%) at residual pressure of gas medium
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3 Pa P = 1.33  10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700 17 30 38.9 28 50 64 26 45 59
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Table 7.
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T, °C K (%) at residual pressure of gas medium
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2 Pa P = 6.6  102 Pa
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Table 10.
Gain of surface hardness of titanium alloy VT16 as a result of interaction with rarefied gas medium containing
oxygen.
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under the same pressure of gas medium and temperature (Figures 3 and 4); the
depth of gas-saturated zone l is increased, and value of relative gain of surface
hardness ΔHμs is decreased with the increasing of saturated temperature in the
range 650–750°C (Figure 5).
T, °C l (μm) at residual pressure of gas medium
P = 6.6  103 Pa P = 1.33  102 Pa P = 6.6102 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5 h
650 6 13 18 7 14 20 8 16 22
700 10 22 30 11 24 33 13 27 36
750 19 38 53 21 41 57 24 46 62
Table 11.
Dimension of gas-saturated layer on titanium alloy VT1-0 as a result of interaction with rarefied gas medium
containing oxygen.
T, °C l (μm) at residual pressure of gas medium
P = 6.6  103 Pa P = 1.33  102 Pa P = 6.6  102 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5 h
650 5 11 16 6 12 18 7 14 20
700 7 17 25 9 20 28 11 22 31
750 8 22 32 12 28 40 17 35 49
Table 12.
Dimension of gas-saturated layer on titanium alloy VT5 as a result of interaction with rarefied gas medium
containing oxygen.
T, °C l (μm) at residual pressure of gas medium
P = 6.6  103 Pa P = 1.33  102 Pa P = 6.6  102 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5 h
650 13 22 29 26 45 58 36 62 80
700 20 35 45 33 57 73 45 77 100
750 30 52 67 40 70 90 54 93 120
Table 13.
Dimension of gas-saturated layer on titanium alloy OT4-1 as a result of interaction with rarefied gas medium
containing oxygen.
T, °C l (μm) at residual pressure of gas medium
P = 6.6  103 Pa P = 1.33  102 Pa P = 6.6  102 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5 h
650 19 48 71 22 53 76 26 60 85
700 3 10 33 5 40 70 27 73 109
750 2 5 40 1 55 100 37 108 163
Table 14.
Dimension of gas-saturated layer on titanium alloy VT16 as a result of interaction with rarefied gas medium
containing oxygen.
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The first regularity is connected with the increasing of concentration of intersti-
tial impurity in surface layer of metal with time and its penetration on the greater
depth. The second regularity can be explained by acceleration of withdrawal of
interstitial impurities from the surface due to the increasing of its diffusivity in α-
and β-titanium with the increasing of temperature (Figure 6). Under such condi-
tions, the flow of oxygen from the medium to the metal surface becomes smaller in
comparison with withdrawal flow owing to diffusion from the surface into the
metal depth.
Operating mode of CTT a c c/a
Initial state 2.9481 4.6842 1.5889
750°С, 5.3  104 Pa, 5 h 2.9484 4.6860 1.5893
750°С, 1.3  102 Pa, 5 h 2.9496 4.6979 1.5927
750°С, 6.6  102 Pa, 5 h 2.948 4.7248 1.6027
Table 15.
Changing of parameter of crystallographic lattice of alloy VT1-0 as a result of interaction with rarefied gas
medium containing oxygen.
Operating mode of CTT a c c/a
Initial state 2.9286 4.6746 1.5962
750°С, 6,.6  103 Pa, 5 h 2.9281 4.6753 1.5967
750°С, 1.3  102 Pa, 5 h 2.9263 4.6729 1.5968
750°С, 6.6  102 Pa, 5 h 2.9329 4.7050 1.6042
Table 16.
Changing of parameter of crystallographic lattice of alloy VT5 as a result of interaction with rarefied gas
medium containing oxygen.
Operating mode of CTT a c c/a
Initial state 2.9427 4.6823 1.5911
750°С, 6.6  103 Pa, 5 h 2.9419 4.6856 1.5927
750°С, 1.3  102 Pa, 5 h 2.9426 4.6879 1.5931
750°С, 6.6  102 Pa, 5 h 2.9426 4.6911 1.5942
Table 17.
Changing of parameter of crystallographic lattice of alloy OT4-1 as a result of interaction with rarefied gas
medium containing oxygen.
Operating mode of CTT a c c/a Beta
Initial state 2.9287 4.6674 1.5936 3.2265
750°С, 6.6  103 Pa, 5 h 2.9298 4.6707 1.5942 3.2266
750°С, 1.3  102 Pa, 5 h 2.9284 4.6687 1.5942 3.2273
750°С, 6.6  102 Pa, 5 h 2.9301 4.6706 1.5940 3.2280
Table 18.
Changing of parameter of crystallographic lattice of alloy VT16 as a result of interaction with rarefied gas
medium containing oxygen.
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under the same pressure of gas medium and temperature (Figures 3 and 4); the
depth of gas-saturated zone l is increased, and value of relative gain of surface
hardness ΔHμs is decreased with the increasing of saturated temperature in the
range 650–750°C (Figure 5).
T, °C l (μm) at residual pressure of gas medium
P = 6.6  103 Pa P = 1.33  102 Pa P = 6.6102 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5 h
650 6 13 18 7 14 20 8 16 22
700 10 22 30 11 24 33 13 27 36
750 19 38 53 21 41 57 24 46 62
Table 11.
Dimension of gas-saturated layer on titanium alloy VT1-0 as a result of interaction with rarefied gas medium
containing oxygen.
T, °C l (μm) at residual pressure of gas medium
P = 6.6  103 Pa P = 1.33  102 Pa P = 6.6  102 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5 h
650 5 11 16 6 12 18 7 14 20
700 7 17 25 9 20 28 11 22 31
750 8 22 32 12 28 40 17 35 49
Table 12.
Dimension of gas-saturated layer on titanium alloy VT5 as a result of interaction with rarefied gas medium
containing oxygen.
T, °C l (μm) at residual pressure of gas medium
P = 6.6  103 Pa P = 1.33  102 Pa P = 6.6  102 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5 h
650 13 22 29 26 45 58 36 62 80
700 20 35 45 33 57 73 45 77 100
750 30 52 67 40 70 90 54 93 120
Table 13.
Dimension of gas-saturated layer on titanium alloy OT4-1 as a result of interaction with rarefied gas medium
containing oxygen.
T, °C l (μm) at residual pressure of gas medium
P = 6.6  103 Pa P = 1.33  102 Pa P = 6.6  102 Pa
1 h 3 h 5 h 1 h 3 h 5 h 1 h 3 h 5 h
650 19 48 71 22 53 76 26 60 85
700 3 10 33 5 40 70 27 73 109
750 2 5 40 1 55 100 37 108 163
Table 14.
Dimension of gas-saturated layer on titanium alloy VT16 as a result of interaction with rarefied gas medium
containing oxygen.
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The first regularity is connected with the increasing of concentration of intersti-
tial impurity in surface layer of metal with time and its penetration on the greater
depth. The second regularity can be explained by acceleration of withdrawal of
interstitial impurities from the surface due to the increasing of its diffusivity in α-
and β-titanium with the increasing of temperature (Figure 6). Under such condi-
tions, the flow of oxygen from the medium to the metal surface becomes smaller in
comparison with withdrawal flow owing to diffusion from the surface into the
metal depth.
Operating mode of CTT a c c/a
Initial state 2.9481 4.6842 1.5889
750°С, 5.3  104 Pa, 5 h 2.9484 4.6860 1.5893
750°С, 1.3  102 Pa, 5 h 2.9496 4.6979 1.5927
750°С, 6.6  102 Pa, 5 h 2.948 4.7248 1.6027
Table 15.
Changing of parameter of crystallographic lattice of alloy VT1-0 as a result of interaction with rarefied gas
medium containing oxygen.
Operating mode of CTT a c c/a
Initial state 2.9286 4.6746 1.5962
750°С, 6,.6  103 Pa, 5 h 2.9281 4.6753 1.5967
750°С, 1.3  102 Pa, 5 h 2.9263 4.6729 1.5968
750°С, 6.6  102 Pa, 5 h 2.9329 4.7050 1.6042
Table 16.
Changing of parameter of crystallographic lattice of alloy VT5 as a result of interaction with rarefied gas
medium containing oxygen.
Operating mode of CTT a c c/a
Initial state 2.9427 4.6823 1.5911
750°С, 6.6  103 Pa, 5 h 2.9419 4.6856 1.5927
750°С, 1.3  102 Pa, 5 h 2.9426 4.6879 1.5931
750°С, 6.6  102 Pa, 5 h 2.9426 4.6911 1.5942
Table 17.
Changing of parameter of crystallographic lattice of alloy OT4-1 as a result of interaction with rarefied gas
medium containing oxygen.
Operating mode of CTT a c c/a Beta
Initial state 2.9287 4.6674 1.5936 3.2265
750°С, 6.6  103 Pa, 5 h 2.9298 4.6707 1.5942 3.2266
750°С, 1.3  102 Pa, 5 h 2.9284 4.6687 1.5942 3.2273
750°С, 6.6  102 Pa, 5 h 2.9301 4.6706 1.5940 3.2280
Table 18.
Changing of parameter of crystallographic lattice of alloy VT16 as a result of interaction with rarefied gas
medium containing oxygen.
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Figure 3.
Changing of the relative gain of surface hardness of titanium alloy VT1-0 under CTT (Т = 750°С,
P = 1.3  103 Pa) depending on exposure time.
Figure 4.
Distribution of microhardness through the section of the specimens of alloy VT1-0 after CTT
(P = 1.3  103 Pa, τ = 5 h) at temperatures (1) 650°С, (2) 700°С, (3) 750°С.
Figure 5.
Changing of the gain of surface hardness depending on interaction temperature with gas medium:
(a) P = 6.6  103 Pa, (b) P = 1.3  102 Pa, (c) P = 6.6  102 Pa.
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The phase composition of titanium alloys influences essentially on the quantita-
tive index of saturation at not influencing on the qualitative appearance of deter-
mined regularities. The maximal dissolution of oxygen in α-phase of titanium
composes 33 at.%, while in β-phase, only 6 at.%. Therefore in the titanium alloys
with a large content of α-phase (VT1-0, VT5, and near-α-alloy OT4-1) during
thermodiffusion saturation in gas medium, the gas-saturated layers with high
gradient of hardness are formed (Figure 7).
Gas-saturated layer with high gradient of hardness is formed on the (α + β)-alloy
VT16 at the low temperatures of saturation (Figure 8).
The values of coefficient K representing the relative gain of surface hardness are
higher sufficiently for α-alloys VT1-0 and VT5 in comparison with near-α-alloy
OT4-1 and (α + β)-alloy VT16 under the same conditions of thermodiffusion
saturation. On the other hand, the oxygen diffusion coefficient in β-titanium is high
of order of magnitude in comparison with α-phase (Dβ-Ti = 3  1010 cm2/с;
Dα-Ti = 2  109 сm2/с at 800°С [3, 4]). Therefore, with the increasing in the alloys
of volumetric content of β-phase, the depth of gas-saturated zone l is increased.
Thus on the surface of alloy VT16, the gas-saturated layers with a depth 2–2.5 times
bigger than α-alloy VT1-0 are formed (160 and 60 μm correspondingly after
treatment under condition Т = 750°С, P = 6.6  102 Pa, τ = 5 h).
Gas saturation and sublimation influence during thermodiffusion saturation not
only the hardness but also the change of the state of surface and phase-structural
state of near-surface layer of metal. Thus, because of sublimation and surface
diffusion, the grain boundaries showed up; on some grains the characteristic step-
like microrelief is developed (Figure 9).
Figure 6.
Temperature dependence of oxygen diffusion coefficient in titanium [3].
Figure 7.
Distribution of microhardness in the surface layer of alloy (a) VT5 and (b) OT4-1 after CTT (Т = 750°С,
P = 6.6  102 Pa, τ = 5 h).
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Gas saturation stabilizes the α-phase of titanium in the surface layer of metal and
increases its hardness. The diffusion layer consists of α-phase rich layer and transi-
tion layer. The α-phase rich layer differs in structure from the base metal by
increased content of α-phase that is easily revealed with metallography
(Figure 10a). This layer is represented often by only one α-phase. Transition layer
is not visibly different from the base metal (Figure 10b), but for this layer the
larger hardness is inherent.
Saturation of surface layer by oxygen and in some cases the sublimation of
alloying elements lead to the redistribution of alloying elements in the surface layer
Figure 9.
Microstructure of top surface of alloy VT1-0 after CTT (Т = 700°С, P = 6.6  103 Pa, τ = 5 h). Larger
indentation (loading 0.49 N) is obtained before thermal treatment, the smaller one after thermal treatment.
Figure 8.
Distribution of microhardness through the section of specimens of alloy VT16 after CTT (P = 1.3  102 Pa,
τ = 5 h) at temperatures (a) 650°С and (b) 750°С.
Figure 10.
Microstructure of surface layer of alloy OT4-1 (a) and VT1-0 (b) after CTT (Т = 750°С, P = 6.6  103 Pa,
τ = 5 h).
88
Titanium Alloys - Novel Aspects of Their Manufacturing and Processing
of metal and changing of its chemical composition on the alloy OT4-1, but on the
other alloys, such changes are not observed (Figure 11).
2.3 Effect of oxygen partial pressure on the surface hardness and hardening
zone depth
Apart from the temperature-time parameters, the gas-dynamical parameters of
gas medium (partial pressure of chemically active components and dynamics—I of
leaking) influence the level of surface hardening. This influence should be taken
into account during prediction of the consequences of thermodiffusion saturation of
titanium alloys in the rarefied gas medium.
Let us consider in detail the influence of the changing of pressure of gas medium
(P = 6.6  102, 1.33  102, 6.6  103 Pa, I = 5  105 Pa s1). The surface
hardness and depth of hardened zone of most of titanium alloys are increased with
the increasing of pressure under constant temperature accordingly with the
obtained results (Tables 13 and 14 and Figure 12). This is most appreciably for α-
titanium alloys VT1-0 and VT5. The derivation from the regularity mentioned
above is observed for near-α-alloy OT4-1 and (α + β)-alloy VT16 alloyed by ele-
ments with high volatility of oxides under saturation at 650°C (OT4-1, VT16) and
700°C (VT16)—decreasing of gain of surface hardness. In our opinion, this is
caused by activation of sublimation process of Mn and V at relatively low intensity
of gas saturation process and small solubility of oxygen in β-phase of titanium. At
higher temperatures, the increasing of pressure of gas medium leads to the changing
of tendencies in gain of surface hardness: the change in the inclination of
temperature dependences is observed that can be connected with the increasing of
oxygen flow from the medium, which becomes commensurable with the flow of
withdrawal due to diffusion (Figure 12c).
Thermodiffusion saturation was performed under dynamic conditions of rare-
fied gas medium. That is to say, the residual pressure of medium is determined by
dynamic equilibrium of gas flows pumped out and leaking into the reaction camera
from the outside. The rate of leaking should be restricted because the increase of the
Figure 11.
Distribution of alloying elements in the surface layer of alloys (a) OT4-1, (b) VT5, and (c) VT16 after CTT
(Т = 750°С, P = 6.6  102 Pa, τ = 5 h).
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ments with high volatility of oxides under saturation at 650°C (OT4-1, VT16) and
700°C (VT16)—decreasing of gain of surface hardness. In our opinion, this is
caused by activation of sublimation process of Mn and V at relatively low intensity
of gas saturation process and small solubility of oxygen in β-phase of titanium. At
higher temperatures, the increasing of pressure of gas medium leads to the changing
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oxygen flow from the medium, which becomes commensurable with the flow of
withdrawal due to diffusion (Figure 12c).
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flow of the leaking gases influences the kinetics of interaction similarly to the
increasing of pressure [5]. It should be noticed that all mentioned results are
obtained under the conditions of low enough specific rate of leaking into the reac-
tion chamber of vacuum equipment—I = 5 � 10�5 Pa s�1. The increasing of leaking
into the vacuum system intensifies sufficiently the oxidation and gas saturation of
titanium alloys VT1-0, VT5, OT4-1, and VT16; however the regularities of this
factor were not studied enough.
2.4 Relationship between the treatment parameters (pressure, temperature,
duration) and level of interstitial solid
To predict the parameters of surface hardening of titanium alloys as a function
of thermodiffusion saturation by interstitial impurities, the improved physico-
mathematical model of gas saturation of titanium alloys in rarefied gas medium is
proposed for using [6].
Intensity of thermodiffusion processes is determined by phase-boundary reac-
tion and concentration distribution of diffusant and diffusion coefficient. Phase-
boundary reaction consists of a number of processes occurring in vacuum: adsorp-
tion of molecules and atoms of gases of residual atmosphere, their dissolution in the
metal, oxidation, etc.; rate of this reaction is changed depending on the degree of
medium discharging. Actually, the boundary concentration of oxygen on the sur-
face of the metal is not being steadied at once but is being increased gradually with
the rate depending on the degree of gas medium discharging. Based on the thermo-
dynamic analysis (see first milestone), the titanium oxides are in the equilibrium
with pressure of oxygen at all degrees of discharging that provides the boundary
solubility of oxygen in α-titanium, С0 = 33 аt.% О2, that causes formation of stoi-
chiometric oxides [3, 4]. Thus the calculation of diffusion saturation of metal by
oxygen must be performed basing on the next boundary condition [6]:
ð5Þ
where α is the coefficient of rate of phase-boundary reaction, C0 is the equilib-
rium concentration of oxygen in metal, C(0, t) is the actual concentration, and t is
the time. These boundary conditions describe the mass change for period of time
before the formation of oxide with certain thickness, which can already influence
substantially the rate of the processes.
The function C(x, t) is the known solution of the diffusion task:
Figure 12.
The relative gain of surface hardness of titanium alloys for 5 h depending on the oxygen pressure in rarefied gas
medium at temperatures (a) 650°С, (b) 700°С, and (c) 750°С.
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ð6Þ
Mass changing of specimen under saturation by oxygen, dimension of diffusion
zone up to 150 μm, and specimen thickness 3 mm per unit area is approximated by
expression [5]:
ð7Þ
In the framework of physico-mathematical model of interaction of solid with
gaseous medium under conditions of third type at the metal/gas interface, the
coefficients of phase-boundary reaction (α) for alpha-titanium alloys VT1-0 and
VT5 (see Tables 19 and 20) are determined using the experimental data
(Tables 1 and 2).
The proposed approach for describing of the gas saturation processes with the
use of coefficient of phase-boundary reaction α allows to calculate the mass change
and concentration distribution of diffusant in the surface layer of metal under
various temperature-time regimes of thermodiffusion saturation of α-titanium
alloys, to determine the characteristics of gas-saturated layer (hardness distribu-
tion, depth of hardened zone) by using known correlation between hardness of
surface layer and concentration of oxygen. The calculated nomograms for
determination of permissible parameters of CTT of alloys VT1-0 and VT5 under
condition of regulated level of surface hardening K = 25% which is presented
in Figure 13.
The obtained analytical data are in a good accordance with the experimental
results that allow using this approach for evaluation and prediction of parameters of
thermodiffusion hardening of surface layer of α-titanium alloys.
The additional investigation for determination of model dependences for near-α
and (α + β)-titanium alloys is necessary since at the selected temperatures the
change in the ratio of phase components in alloys and sublimation of alloying
elements during gas saturation are possible.
T, °C α (cm/s) at residual pressure of gas medium
P = 6.6 � 10�3 Pa P = 1.33 � 10�2 Pa P = 6.6 � 10�2 Pa
650 5.017 � 10�9 5.792 � 10�9 7.565 � 10�9
700 1.206 � 10�8 1.393 � 10�8 1.819 � 10�8
750 2.662 � 10�8 3.073 � 10�8 4.014 � 10�8
Table 19.
Coefficients of phase-boundary reaction (α) for titanium alloy VT1-0.
T, °C α (cm/s) at residual pressure of gas medium
P = 6.6 � 10�3 Pa P = 1.33 � 10�2 Pa P = 6.6 � 10�2 Pa
650 1.76 � 10�9 2.04 � 10�9 2.66 � 10�9
700 4.48 � 10�9 5.18 � 10�9 6.76 � 10�9
750 1.04 � 10�8 1.20 � 10�8 1.56 � 10�8
Table 20.
Coefficients of phase-boundary reaction (α) for titanium alloy VT5.
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Mass changing of specimen under saturation by oxygen, dimension of diffusion
zone up to 150 μm, and specimen thickness 3 mm per unit area is approximated by
expression [5]:
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In the framework of physico-mathematical model of interaction of solid with
gaseous medium under conditions of third type at the metal/gas interface, the
coefficients of phase-boundary reaction (α) for alpha-titanium alloys VT1-0 and
VT5 (see Tables 19 and 20) are determined using the experimental data
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3. Correlation between parameters of surface strengthening layers of
different titanium alloys and their fatigue properties
3.1 Correlation between parameters of surface strengthening (surface
hardness, hardening zone depth) and the fatigue properties of different
titanium alloys under CTT
To determine the correlation between parameters of surface hardening and
fatigue properties of titanium alloys of various structural classes under conditions of
thermodiffusion saturation in controlled gas medium in the surface layers of metal,
(a) the hardened layers of different depth with identical level of surface hardening,
K = const, l = var., and (b) the hardened layers of identical depth with different
level of surface hardening, K = var., l = const, were formed. It allows to reveal the
influence of level and depth of surface hardening and also determine the optimal
combination of these parameters.
3.1.1 α-Alloy VT1-0
3.1.1.1 Regulated surface hardening of VT1-0 titanium alloy under conditions of
thermodiffusion saturation in controlled gaseous medium
To form the hardened layers with various ratios K and l, the determined rela-
tions considering the influence of temperature-time and gas-dynamical parameters
of rarefied gas medium containing oxygen on the parameters of hardened layers
and peculiarities of solid solution surface hardening of titanium alloys of various
structural classes were used [7–12]. The used approaches for selection of
parameters of thermodiffusion saturation under specified K and l are demonstrated
in Figure 14 for alloy VT1-0 as an example.
Thus, the hardened layers of different depths with identical level of surface
hardening can be obtained by means of changing the oxygen partial pressure and
duration of saturation. The change of temperature influences the intensity of pro-
cesses of thermodiffusion saturation. The influence of rate of oxygen leaking into
the reaction chamber corresponds to the changing of partial pressure of chemically
active component of gas medium (Figure 15). In addition the peculiarities of
thermodiffusion saturation of titanium alloys of various structural classes should be
taken into account. Thus, the hardened (gas saturated) layers with predetermined
ratios K and l can be obtained due to changing of four parameters of
thermodiffusion saturation (T, τ, PO2, and Il—rate of oxygen in leakage into the
reaction camera).
Figure 13.
Nomograms for determination of parameters of CTT of titanium alloys (a) VT1-0 and (b) VT5 (the curves
correspond to the level of surface hardening K = 25%).
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The parameters of thermodiffusion saturation regimes of titanium alloy VT1-0
in controlled gas medium containing oxygen which are selected based on the
approach mentioned above which are refined experimentally and correspond to
normative documents [13] are presented in Table 21. Parameters of surface-
hardened layer and hardness distribution through the cross section of samples are
determined by means of durometry.
3.1.1.2 Influence of CТT on fatigue properties of α-titanium alloy VT1-0
The surface-hardened layers influence sufficiently the metal fatigue resistance.
The results of fatigue tests of samples of alloy VT1-0 after regulated surface hard-
ening by thermodiffusion saturation in gas medium are presented in Figures 16–19
and Tables 22 and 23. The obtained results allow analyzing the influence of the
level of surface hardening and depth of hardened zone on the metal fatigue
resistance.
Figure 14.
Example of a choice of VT1-0 titanium alloy thermodiffusion saturation’s parameters: (1) P = 6.6  102 Pa,
(2) P = 1.33  102 Pa, and (3) P = 6.6  103 Pa.
Figure 15.
Influence of inleakage rate (Iin) on VT1-0 titanium alloy surface hardness gain.
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3.1.1.3 Influence of level of surface hardening
Fatigue strength σ1 of titanium alloy VT1-0 is being increased initially (Table 2
and Figure 17) and then decreased with the increasing of level of surface hardening
K from 5 to 90%, at constant depth of hardened zone (l = 30–35 μm). In other
Table 21.
Parameters of VT1-0 titanium alloy surface-hardened layers and thermodiffusion saturation’s regimes.
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Figure 16.
Fatigue curves of titanium alloy VT1-0, under rotating bending conditions, depending on the level of surface
hardening when depth of hardened zone (gas saturated) is constant: (1) initial state K = 5%; l = 5 μm;
(2) K = 25%; l = 30 μm (3) K = 50%; l = 30 μm (4) K = 70%; l = 30 μm (5) K = 90%; l = 30 μm.
Figure 17.
Fatigue strength of titanium alloy VT1-0, under rotating bending conditions, as a function of level of surface
hardening when depth of hardened zone (gas saturated) is constant l = 30 μm.
Figure 18.
Fatigue curves of titanium alloy VT1-0, under rotating bending conditions, depending on depth of hardened
(gas saturated) zone, when level of surface hardening is constant (a, K = 50%; b, K = 70%): (1) initial state
K = 5%; l = 5 μm, (2) l = 30 μm, (3) l = 70 μm.
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words, fatigue strength has a maximum. Relative gain of fatigue strength Δσ1 is
the highest when K = 70%. Such character of changing σ1 can be explained by the
improvement of fatigue properties due to dissolution of oxygen in metal with
formation of solid solution that is accompanied by the appearing of compressing
stress. On the other hand, metal is embrittled due to solid solution hardening by
oxygen dissolution. One or another factor dominates the defined conditions,
Figure 19.
Fatigue strength of titanium alloy VT1-0, under rotating bending conditions, as a function of depth of hardened





















1900 5 ≤5 ≤225 0
R1 1800 2250 25 30–35 ≤245 8.9
R2 2700 50 30–35 ≤295 31.1
R3 3050 70 30–35 ≤310 37.7
R4 3420 90 30–35 ≤275 22.2
Table 22.
Fatigue strength of alloy VT1-0, under rotating bending conditions, depending on level of surface hardening K,





















1900 5 5 ≤225 0
2. 1800 2700 50 30 ≤295 31.1
3. 2700 50 70 ≤285 28.4
4. 3050 70 30 ≤310 37.7
5. 3050 70 70 ≤260 15.5
Table 23.
Fatigue strength of titanium alloy VT1-0, under rotating bending conditions, depending on depth of hardened
zone l, when level of surface hardening K is constant.
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therefore increasing of fatigue properties is possible up to a certain level of harden-
ing higher of which fatigue properties is being decreased.
3.1.1.4 Influence of depth of hardened zone
Relative gain of fatigue strength is being decreased with increasing of depth of
hardened zone l under constant level of surface hardening K (Figures 18 and 19,
Table 3). The higher level of K, the rather fatigue strength of alloy is being
decreased with the rising of depth of hardened zone (Figure 19).
Solid solution hardening of surface layer of titanium alloys under conditions
of thermodiffusion saturation by interstitial impurity (oxygen) can lead to the
embitterment of hardened in this way layer and its brittle failure under conditions
of the repeated loading. Because of this the investigations of fracture of samples
were carried out after fatigue tests by rotating bending. Results of fractographical
investigations of near-surface parts of fractures of titanium alloy VT1-0 samples
with different levels of surface hardening after fatigue tests by rotating bending are
presented in Figure 20.
Figure 20.
Fractograms of near-surface part of fractures of titanium alloy VT1-0 samples with different levels of surface
hardening after fatigue tests by rotating bending: (a) K = 70%, l = 30 μm, σ1 = 310 MPa; (b) K = 50%,
l = 70 μm, σ1 = 285 MPa; (c), (d), (e) K = 70%, l = 70 μm, σ1 = 260 MPa.
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2. 1800 2700 50 30 ≤295 31.1
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4. 3050 70 30 ≤310 37.7
5. 3050 70 70 ≤260 15.5
Table 23.
Fatigue strength of titanium alloy VT1-0, under rotating bending conditions, depending on depth of hardened
zone l, when level of surface hardening K is constant.
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therefore increasing of fatigue properties is possible up to a certain level of harden-
ing higher of which fatigue properties is being decreased.
3.1.1.4 Influence of depth of hardened zone
Relative gain of fatigue strength is being decreased with increasing of depth of
hardened zone l under constant level of surface hardening K (Figures 18 and 19,
Table 3). The higher level of K, the rather fatigue strength of alloy is being
decreased with the rising of depth of hardened zone (Figure 19).
Solid solution hardening of surface layer of titanium alloys under conditions
of thermodiffusion saturation by interstitial impurity (oxygen) can lead to the
embitterment of hardened in this way layer and its brittle failure under conditions
of the repeated loading. Because of this the investigations of fracture of samples
were carried out after fatigue tests by rotating bending. Results of fractographical
investigations of near-surface parts of fractures of titanium alloy VT1-0 samples
with different levels of surface hardening after fatigue tests by rotating bending are
presented in Figure 20.
Figure 20.
Fractograms of near-surface part of fractures of titanium alloy VT1-0 samples with different levels of surface
hardening after fatigue tests by rotating bending: (a) K = 70%, l = 30 μm, σ1 = 310 MPa; (b) K = 50%,
l = 70 μm, σ1 = 285 MPa; (c), (d), (e) K = 70%, l = 70 μm, σ1 = 260 MPa.
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Cup-shaped fracture mode is fixed on the fractograms of near-surface layer of
samples that testify in ductile failure (Figure 20a–c). That is, the total embrittle-
ment of surface layer does not take place even if the level of fatigue strength is
maximal (Figure 7a). Brittle mode of fracture of thin (1…2 μm) near-surface layer
is observed only on the specimen with K = 70%, l = 70 μm (Figure 20d and e). The
time till origin of fatigue crack under alternate stress is being decreased providing
that such layer exists on the samples and in turn the fatigue strength is being
decreased. The decreasing of fatigue strength of alloy VT1-0 hardened by CTT with
the increasing of depth of hardened zone l at a high level of surface hardening K is
connected with this fact.
Thus, it can be concluded that for each of surface hardening level K of titanium
alloy VT1-0 under conditions of thermodiffusion saturation in controlled gas
medium, an optimal depth of hardened (gas saturated) zone l ensuring the highest
level of fatigue characteristics exists. And vice versa for each depth of hardened
zone, the optimal level of surface hardening exists. The aim of the next work stage is
to search the optimal ratio of parameters K and l.
3.1.2 α-Alloy VT5
The parameters of regimes of thermodiffusion saturation of titanium alloy VT5
in the controlled gas medium containing oxygen and parameters of surface-
hardened layer and cross section hardness distribution are presented in Table 24.
3.1.2.1 Influence of CTT on the fatigue properties of α-alloy VT5
The results of fatigue tests of samples of alloy VT5 after regulated surface
hardening by thermodiffusion saturation in the gas medium are presented in
Figures 21–23 and Table 25.
It should be noticed that in the presented case, the character of dependence of
fatigue strength σ1 on the level of surface hardening K has a maximum level which
depends on the depth of hardened zone l (Figure 22). The relative gain of fatigue
strength Δσ1 of alloy VT5 reaches 20% under conditions K = 19%, l = 45–50 μm.
The fatigue strength is being decreased with the increasing of depth of gas-
saturated layer under constant K (Figure 23).
It should be a supposition that under the analyzing of dependences presented in
Figures 22 and 23, the maximal gain of fatigue strength Δσ1 for alloy VT5 can be
reached by the creation of gas-saturated layer of parameters K ≈ 45–55%, l ≈ 40–
50 μm. Such parameters of gas-saturated layer can be determined as optimal
parameters of the hardening of alloy VT5. It is the determination of optimal param-
eters of hardening to provide the highest gain of fatigue strength that is the aim of
the next project step.
3.1.3 Near-α-alloy ОТ4-1 and (α + β)-alloy VT16
The regularities of the analogue presented above (see Tables 26 and 27) are
observed for the near α-alloy OT4-1 and (α + β)-alloy VT16. The sufficient effect of
solid solution hardening is observed for alloy OT4-1: relative fatigue strength gain
Δσ1 reaches 38% under relative gain of surface hardness K = 35%, l = 45–50 μm. It
can be concluded that for titanium alloys with low or middle level of strength
(VT1-0 and OT4-1 alloys), the positive effect of thermodiffusion saturation of
metal surface layers by interstitial impurities is the highest: Δσ1 = 35–40%.
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The sensitivity of titanium alloys to the presence of gas-saturated layers is
increased with the increasing of β-phase value. As a result the increasing of fatigue
characteristics is attained under smaller values of relative gain K %. The value of
fatigue strength gain is being decreased. Results of VT16 alloy tests can be a confir-
mation (Table 27).
Thus it can be concluded that for each level of surface hardening K of investi-
gated titanium alloys VT1-0, VT5, OT4-1, and VT16 under conditions of
thermodiffusion saturation in controlled gas medium, the optimal depth l of hard-
ened (gas-saturated) zone exists which provides the highest level of fatigue
Table 24.
Parameters of VT5 titanium alloy surface-hardened layers and thermodiffusion saturation’s regimes.
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The regularities of the analogue presented above (see Tables 26 and 27) are
observed for the near α-alloy OT4-1 and (α + β)-alloy VT16. The sufficient effect of
solid solution hardening is observed for alloy OT4-1: relative fatigue strength gain
Δσ1 reaches 38% under relative gain of surface hardness K = 35%, l = 45–50 μm. It
can be concluded that for titanium alloys with low or middle level of strength
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metal surface layers by interstitial impurities is the highest: Δσ1 = 35–40%.
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The sensitivity of titanium alloys to the presence of gas-saturated layers is
increased with the increasing of β-phase value. As a result the increasing of fatigue
characteristics is attained under smaller values of relative gain K %. The value of
fatigue strength gain is being decreased. Results of VT16 alloy tests can be a confir-
mation (Table 27).
Thus it can be concluded that for each level of surface hardening K of investi-
gated titanium alloys VT1-0, VT5, OT4-1, and VT16 under conditions of
thermodiffusion saturation in controlled gas medium, the optimal depth l of hard-
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characteristics. In addition, vice versa for each depth of hardened zone, the optimal
level of surface hardening exists. Furthermore, it can be forecasted that for each
alloy the optimal relation between parameters K and l exists that provides abso-
lutely maximal gain of fatigue strength. Such parameters of gas-saturated layers can
be determined as optimal parameters of alloy hardening. The aim of the next step
lies in the search of the optimal level of K and l parameters of the hardened zone.
Figure 22.
Fatigue strength of titanium alloy VT5, under rotating bending conditions, as a function of level of surface
hardening when depth of hardened zone (gas saturated) is constant: (1) l = 30–35 μm (2) l = 60–65 μm.
Figure 23.
Fatigue strength of titanium alloy VT5, under rotating bending conditions, as a function of depth of hardened
zone, when level of surface hardening is constant K = 30%.
Figure 21.
Fatigue curves of titanium alloy VT5, under rotating bending conditions, depending on level of surface
hardening K, when depth of hardened (gas saturated) zone l is constant (a) l = 30–35 μm and (b) l = 60–
65 μm: (1) initial state K = 5%; l = 5–10 μm; (2) K = 32%; (3) K = 82%; (4) K = 34%; (5) K = 60%.
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4. Conclusions
1. The kinetic parameters of interaction and regularities of solid solution
hardening of titanium alloys VT1-0, VT5, OT4-1, and VT16 under conditions
of thermodiffusion saturation in rarefied gas medium are determined.
2. It is shown that under the same conditions of saturation (T, τ, P), the hardened
layers of various parameters (H, l) are formed on the titanium alloys. The
monophase α-titanium alloys VT1-0 and VT5 and near-α-alloy ОТ4-1 are the
most sensitive to the conditions of gas saturation: the gain of surface hardness
and its gradient in the hardened layer increase sufficiently. With the increasing





















3200 5.0 5–10 ≤420 0
R1 3050 3630 19.0 45–50 ≤505 20.0
R2 4030 32.0 30–35 ≤495 18.0
R3 4080 34.0 60–65 ≤465 11.0
R4 4860 60.0 60–65 ≤445 6.0
R5 5550 82.0 30–35 ≤500 19.0
Table 25.
Fatigue strength of titanium alloy VТ5, under rotating bending conditions, depending on the level of surface





















2850 4.0 5–10 ≤335 0
2. 2650 3095 12.5 25–30 ≤430 28.5
3. 3575 30.0 30–35 ≤420 25.5
Table 26.
Fatigue strength of titanium alloy OТ4-1, under rotating bending conditions, depending on level of surface





















3020 ≤1 5–10 ≤525 0
2. 3000 3145 5.0 100–120 ≤580 10
Table 27.
Fatigue strength of titanium alloy VT16, under rotating bending conditions, depending on level of surface
hardening K and depth of hardened zone l.
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characteristics. In addition, vice versa for each depth of hardened zone, the optimal
level of surface hardening exists. Furthermore, it can be forecasted that for each
alloy the optimal relation between parameters K and l exists that provides abso-
lutely maximal gain of fatigue strength. Such parameters of gas-saturated layers can
be determined as optimal parameters of alloy hardening. The aim of the next step
lies in the search of the optimal level of K and l parameters of the hardened zone.
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Fatigue strength of titanium alloy VT5, under rotating bending conditions, as a function of level of surface
hardening when depth of hardened zone (gas saturated) is constant: (1) l = 30–35 μm (2) l = 60–65 μm.
Figure 23.
Fatigue strength of titanium alloy VT5, under rotating bending conditions, as a function of depth of hardened
zone, when level of surface hardening is constant K = 30%.
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Fatigue curves of titanium alloy VT5, under rotating bending conditions, depending on level of surface
hardening K, when depth of hardened (gas saturated) zone l is constant (a) l = 30–35 μm and (b) l = 60–
65 μm: (1) initial state K = 5%; l = 5–10 μm; (2) K = 32%; (3) K = 82%; (4) K = 34%; (5) K = 60%.
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influence on the hardness of surface layer, but the depth of the hardened zone
is being increased with the increasing of the temperature and exposure time.
3. It is determined that solid solution hardening of titanium alloys VT1-0, VT5,
OT4-1, and VT16 under conditions of thermodiffusion saturation by
interstitial impurities in controlled gas medium leads to the increasing of
fatigue strength under a definite ratio of hardened layers K and l. The character
of dependence of fatigue strength (σ1) of investigated alloys on the level of
surface hardening (K) has a maximum value which depends on the depth of
hardened zone (l). The positive influence of surface hardening on the fatigue
characteristics is decreased under increasing of l when K is constant. The
highest relative gain of fatigue strength (Δσ1) of samples with ChTT surface-
hardened layers is marked for the low- and middle-strong alloys VT1-0 and
OT4-1. Thus for alloy VT1-0, Δσ1 = 35% under relative gain of surface
hardness K = 70% and l = 30 μm. For the near-α alloy OT4-1, Δσ1 = 38% under
relative gain of surface hardness K = 35% and l = 45–50 μm.
4.The surface hardening of titanium alloy VT1-0 by thermodiffusion saturation
(within the limits of parameters K and l) provides saving of enough reserve of
plasticity and does not influence the character of metal failure accordingly with
the fractographical investigations. The failure of surface-hardened layer takes
place by ductile plastic mechanism accordingly with fractographical
investigations.
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Sustainability achievement of difficult-to-machine materials is a major concern
nowadays. Titanium alloy Ti-6Al-4V machined for dry, conventional and cryogenic
cooling and surface finish is selected as response to assess machining sustainability
through variables: cutting power, machining time, machining cost, material
removal rate and cutting tool life. Results indicate that cryogenic cooling is more
sustainable than dry and conventional cooling.
Keywords: cryogenic cooling, sustainable machining, Ti-6Al-4V
1. Introduction
In recent years, attention has made on achieving comprehensive strategy over
sustainable manufacturing due to increased emission of CO2 in environment and
waste. This ultimately will improve industry’s economy [1]. Machining technology
is referring to implement the sustainability, which has potential to improve envi-
ronmental performance and save money. The problem in implementing sustain-
ability in production companies is due to short-term financial planning. However,
long-term strategy is necessary for sustainable manufacturing.
The initiatives for the sustainable development are established at different
levels, e.g., UN, OECD and National level, and are well positioned on macro level of
production [2] but are lacking in implementation at shop-floor level.
Conventional machining processes using mineral-based cutting fluids tend to
increase environmental problems. Attempts are in focus to attain sustainable
products and processes that will eliminate the bad effects of mineral-based cutting
fluids. Alternative technique of cooling by using liquid nitrogen is in focus to
eliminate the adverse effects of mineral oils. The cost of machining is a major
element of a mechanical industry. Cutting tools having long tool life are preferred
over those with short tool life in order to reduce overall machining cost and increase
productivity.
In aerospace industry, the components are usually made from superalloys. These
alloys can withstand the high operating temperatures and extreme physical stresses.
Out of these alloys, titanium is the most commonly used alloy. Ti-6Al-4V shows
good results in application where high strength-to-weight ratio along with excellent
corrosion resistance is required. This alloy is used in aircraft turbine engine
components, structural parts of aircrafts, aerospace fasteners, high-performance
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good results in application where high strength-to-weight ratio along with excellent
corrosion resistance is required. This alloy is used in aircraft turbine engine
components, structural parts of aircrafts, aerospace fasteners, high-performance
automotive parts, marine applications, medical devices and sports equipment.
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Milling is one of the mostly used machining operations in manufacturing indus-
try. The situation becomes very difficult to handle when hard materials are required
to go through milling process. The probability of tool wearing and damaging of
surface roughness increases when high cutting forces and high temperatures are
involved at interface of cutting tool and work material.
Much energy is utilized in a machining operation along with the wastage of chips
in material removal process. Operational safety and environmental friendliness of
any machining process play a vital role in sustainability of process. It is estimated
that machining process contributes to the gross domestic product (GDP) of devel-
oped countries by about 5% of total the GDP [3].
The present trend is to create new and smaller products of higher quality in a
shorter time and at a lower cost. There are many materials, which can be classified
as ‘difficult-to-machine’. Machining of such materials requires special cutting tools.
Cutting parameters affect directly on the surface roughness, tool wear and machin-
ing time.
The world has now become energy conscious, and every industry is going to
follow the health and safety requirements at all levels. The concept of sustainable
manufacturing has now become the key focus, which deals with the economic,
social, safety and environmental issues. Proper selection of cutting tool, coolant and
process type is important for efficient and economic machining. Alternative solu-
tions of dissipating the heat generated at chip-tool interface and cutting tool mate-
rials is in exploration since the last few years. Titanium alloys and other materials
used in aerospace industry need special attention for their machining as these are
difficult-to-machine materials.
Experimental data shows that cryogenic cooling is more sustainable than dry and
conventional cooling process, and it gives the best results for tool life, surface finish
of machined part, productivity with least impact on the environment, least energy
cost and machining cost.
1.1 Problem related with conventional machining
Difficult-to-machine materials are heat resistant; therefore, in machining of
such materials, huge amount of cutting tools and coolants is used. The cost of a
machined part mainly involves the cost of tools used, electrical energy and coolant
cost.
In conventional methodology, the parts are machined using mineral-based cool-
ants. These coolants have disadvantages in worker’s health and environment where
it is disposed of. Titanium alloys and other nickel-based alloys are difficult-to-
machine, and therefore a number of cutting tools are wasted in their machining
increasing the overall cost of the product. Conventionally used coolants have many
problems associated with the health of workers and environmental impact.
The problem becomes more critical when machining the difficult-to-machine
materials where high temperatures are built at the tool-chip interface. Using of
conventional mineral-based coolant to reduce the temperatures and frictions is
creating other environmental problems because disposition of these lubricants is
not only harmful for human life but also creating issues for aquatic organisms.
Social impact of conventional lubricant and coolants is increasing health and safety
problems of workers due to exposure to toxic chemicals. The working environments
are being polluted increasing both the mist and noise levels. Industrial setups are
required to adopt the sustainability principles in order to avoid increasing cost and
environmental and safety issues. Alternative coolants are in exploration phase to
replace with the conventional mineral-based coolants.
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2. Sustainable manufacturing
Sustainability is defined as the ability to preserve, to keep or to maintain some-
thing. When something is sustainable it means that it is able to be kept and contin-
ued [4]. The three dimensions of sustainability (Figure 1) are environmental, social
and economic, sometimes adding technology as the fourth one [5]. Initially sustain-
able development defined by Brundtland is reported in 1987 as ‘the way for
improving the well-being and quality of life for the present and future generation’.
More precisely it was defined as ‘to meet the needs of the present without
compromising the ability of future generations to meet their own needs’ [6].
Manufacturing contributes by about 22% of Europe’s GDP, while 70% of jobs in
Europe are directly related with manufacturing [7]. Energy consumption is a major
factor in manufacturing industry which is based on electrical energy and oil.
According to the action plan for energy efficiency, industrial production is respon-
sible for about 18% of the total energy consumption of Europe [8].
Sustainable manufacturing is important for the manufacturing industry as it
helps to cope with the increasing environmental regulations, meeting the customer
requirements for better environmental performance, lowering the material and
energy costs resulting to greener products. Sustainable manufacturing is the crea-
tion of products using such processes that minimize the environmental impacts,
conserving natural resources and energy, are safe for the communities, employees
and customers and are economically sound. It has become a business imperative as
companies across the world are facing increased costs of energy and materials
coupled with higher expectations of customers, communities and investors.
In sustainable manufacturing, the things are created in such a way (Figure 2)
that is economically, environmentally, socially and safety wise feasible for both the
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by the safety of workers and then economically. It leads the industry proactively to
cleaner products and processes.
A process is said to be sustainable only when it has the lowest impact to the
environment, is beneficial for society and is sound economically [9]. Hallmarks for
the sustainable manufacturing are environmental friendly, lower machining costs,
minimum energy consumption, personnel health, waste reduction and operational
safety [10]. Globally the industries are striving for sustainable manufacturing by
adopting advanced lubrication and cooling techniques, using vegetable oils or other
environment-friendly cutting oils, selecting advanced tooling and accomplishment
of advanced hybrid manufacturing processes, etc. [11]. Manufacturing industries of
the USA, EU and other international countries are facing challenges to reduce the
emissions of carbon dioxide and improve the efficiency of energy by making revo-
lutions in technologies and processes [12].
The environment, social development, education, natural resources, poverty
and inequality are examined for sustainable developments [13]. Sustainability has
no destination or limits, but it has continuous improvement making the constant
advances in company’s overall sustainable performance. However spectrum of
efforts can be followed as given by the United Nations Environment Programme
[14] and OECD [15]. Sustainability is implemented by improving the work prac-
tices, optimizing processes, reducing resource consumption and minimizing
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2.1 Sustainable machining
Industrial trends are shifting from conventional to sustainable manufacturing
principles. Such revolutions are outcome of diseases found in workers at shop floor,
requirement of cost reduction for manufacturing and Government policies for
environmental protection [16]. There is a need to make the machining systems
sustainable in which processes are non-polluted, conserving both energy and natu-
ral resources, and economically sound and safe for employees [17]. Growing global
competition and energy costs demand for such machining processes which are
cheaper, using better utilization of resources and efficient usage of energy [18].
In the process of transforming inputs to outputs, the consumption of resources
must be reduced to achieve sustainability. Refining the processes and machine tools
are major factors for reducing the resources and energy consumption. The produc-
tion systems are designed to support the continuous waste reduction, elimination or
recycling. This can be achieved by less generation of waste; increasing recycling or
re-usage; efficient usage of water, materials and energy; avoiding metal working
fluids; and improving the management of lubricating oils, swarf and hydraulic oils.
Sustainability will be gained by using the alternatives of cooling and lubrication
fluids (CLFs) and dry machining using the coated cutting tools [19].
In a sustainable machining process, the tool life, productivity and effective
utilization of resources will be increased, while the machining cost, machine cutting
power and adverse effect of cooling and lubrication fluids will be decreased. The
model of sustainable machining is presented in Figure 4.
Alternative cutting oils such as vegetable oils are renewable, environment-
friendly and non-toxic in nature [20].
2.2 Conventional machining
Present investigations show that the cutting fluids are creating severe problems
to health and environment [21]. The conventional fluids are considered very dan-
gerous to the health and are rated out of top five hazardous to health [22]. Bulk use
of conventional coolant in machining industries is causing increase in environmen-
tal damage [23].
Machining process contributes to worldwide economy, and it tends to become
unsustainable when using such cooling and lubrication fluids which are oil based.
These are made from mineral oils extracted from crude oil which is highly non-
sustainable. Extract of crude oil is used to formulate the mineral oil which is
converted to CLF. Although the vegetable oils are naturally derived, these are not
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CLFs are widely being used in metal cutting industry to counter the heat gener-
ated by machining besides that they have disadvantage of hazardous to health and
environment. One of the most unsustainable elements in machining process is the
use of cooling/lubrication fluid which is extracted from crude oils [25].
Cutting fluids are dangerous for health. In a report it is stated that about 80% of
the skin diseases are due to the use of cutting fluids [26]. The machinists are facing
the problem of skin and respiratory diseases due to metal working fluids [27].
Among the machinist over 1 million workers all over the world are facing toxic
effects of cutting fluids, and majority of the cases are related to chest bronchitis
[28]. According to a report [29], about 640 million gallon of coolant and lubrication
fluid is used annually throughout the world. European Union estimated for metal
working fluid and found that 3,20,000 tons is annually used and 66% of which is
disposed-off after usage [30]. Used coolant in conventional machining has its
adverse effects on the environment [31].
2.3 Cryogenic machining
Cryogenic machining is much safer than the conventional lubrication and cool-
ants. Nitrogen gas has no hazards on life as about 79% of this already exist in air.
Liquid nitrogen at cooling temperature is effective for cooling the cutting edge during
machining of hard materials as cutting temperature exceeds 200°C [32]. It is a new
technique of cooling the cutting zone and part during the machining at high speed
and temperatures with cryogenic CLF. The coolant is nitrogen which is liquefied at
196°C and is safe, non-corrosive and non-combustible gas. This gas evaporates
leaving no contaminates with part, operator, machine tool, and chips; thus disposal
cost is eliminated. Mostly cryogenic CLFs are applied in the machining of superalloys.
The cryogenic machining process is more beneficial and more sustainable in
terms of safety, clean and environment-friendly machining. Due to minimization in
changeover time, productivity also increases. Tool life is increased due to low
abrasion rate and chemical wear. Improvement is observed in the surface quality
without the degradation in its mechanical/chemical properties.
For implementation of cryogenic machining at industrial level, investigations
are required about the tool wear and tool life using cryogenic cooling [33]. Applica-
tion of cryogenic machining at shop-floor level will be transitioning towards the
sustainable machining and will promote the development of optimization for cryo-
genic fluid delivery with mass flow and controlled pressure.
In cryogenic machining the cryogenic fluid is directly applied on the cutting tip
of the tool. This flow is manageable to be controlled against flow and pressure
which makes it more economic than conventional fluids. N2 gas is used as a cooling
medium in cryogenic machining and is harmless to the health. This process
increases the tool life and helps in productivity improvement, surface integrity
improvement, chip breakability enhancement, reduction in built-up edge and burr
formation [34–37].
In comparison of cryogenic cooling with conventional cooling and lubrication
process, it is clear that the cost of power required for pumping of cooling and
lubrication fluid is eliminated. The cost of cleaning CLF from the machined part
becomes zero. Alternates of cutting fluid like N2, O2 and CO2 have been used and
compared to wet and dry machining and found that fine surface finish obtained
with increased flow rates and pressure of gases [38].
Compressed air as coolant was used for machining of optical glass and found that
low cutting forces are observed as compared with diamond drilling [39].
Experiments performed using liquid nitrogen in turning process of titanium
alloy with modified tools resulted in improved tool life, surface finish and reduced
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cutting temperature of 65% and reduced cutting forces [40]. Experiments were also
performed to check the machinability by considering the surface roughness. Ti-6Al-
4V was machined in dry, wet and cryogenic conditions to observe the surface
roughness. Surface finish is found consistently better with cryogenic than with dry
and wet [41].
Different gases have been used as a coolant like CO2, air, argon and nitrogen
[42]. Experimental results conducted on Steel AISI 1040 using CO2, O2 and N2 show
that best surface finish is achieved using CO2 then oxygen and nitrogen. Cryogeni-
cally compressed air was used for investigating the chip temperature, cutting force
and the chip formation during the turning of Ti-6Al-4V [43].
Sustainability in machining can be assured by reduction in energy consumption
for machining processes, minimizing waste (less generation of waste and increasing
the recycling of waste).
Benefits of using the sustainable machining cover increasing MRR without
increasing wear rate of the cutting tool, decreasing the tool changeover time
increasing productivity and improving the machined surface without degradation
which results in the presence of chemical coolants.
2.4 Machining issues of Ti-6Al-4V alloy
The most commonly used materials in aerospace industry are nickel alloys,
titanium alloys and Co-Cr alloys [44]. Thermal conductivity of such materials is
low, and therefore temperature observed at the cutting zone is extremely high.
These facts have called for sustainability in machining and finding the alternate to
conventional oil-based CLF as cooling and lubrication [45–48].
Higher temperatures are observed in the high-speed machining (HSM) that
result in high temperatures at cutting tool and part interface. In the reports it is
given that tooling cost is about 4% of the total machining costs and coolant/lubri-
cation cost is about 15% of total machining cost [49]; therefore huge sustainability
gain is possible by avoiding CLF and using high-performance coated cutting tools
[50]. Titanium alloy (Ti-6Al-4V) is referred to as difficult-to-machine material. It
has low thermal conductivity due to which very high temperatures occur during the
machining at the cutting point. Its mechanical properties are very good for load-
carrying applications due to which it is mostly used in the commercial and military
aircrafts. Figure 5 shows the comparison of machining difficulty level with other
common materials.
This alloy, also called Grade 5 titanium, shows good results when used in appli-
cations where good mechanical and thermal properties along with good strength-to-
weight ratio are the primary objectives. Due to its good results in strong environ-
ments and resistance to corrosion, it is also used in petroleum industries, nuclear
reactors, turbine blades, marine applications and medical implants. Demand of
Figure 5.
Machining difficulty level of Ti-6Al-4V.
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CLFs are widely being used in metal cutting industry to counter the heat gener-
ated by machining besides that they have disadvantage of hazardous to health and
environment. One of the most unsustainable elements in machining process is the
use of cooling/lubrication fluid which is extracted from crude oils [25].
Cutting fluids are dangerous for health. In a report it is stated that about 80% of
the skin diseases are due to the use of cutting fluids [26]. The machinists are facing
the problem of skin and respiratory diseases due to metal working fluids [27].
Among the machinist over 1 million workers all over the world are facing toxic
effects of cutting fluids, and majority of the cases are related to chest bronchitis
[28]. According to a report [29], about 640 million gallon of coolant and lubrication
fluid is used annually throughout the world. European Union estimated for metal
working fluid and found that 3,20,000 tons is annually used and 66% of which is
disposed-off after usage [30]. Used coolant in conventional machining has its
adverse effects on the environment [31].
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ants. Nitrogen gas has no hazards on life as about 79% of this already exist in air.
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formation [34–37].
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process, it is clear that the cost of power required for pumping of cooling and
lubrication fluid is eliminated. The cost of cleaning CLF from the machined part
becomes zero. Alternates of cutting fluid like N2, O2 and CO2 have been used and
compared to wet and dry machining and found that fine surface finish obtained
with increased flow rates and pressure of gases [38].
Compressed air as coolant was used for machining of optical glass and found that
low cutting forces are observed as compared with diamond drilling [39].
Experiments performed using liquid nitrogen in turning process of titanium
alloy with modified tools resulted in improved tool life, surface finish and reduced
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cutting temperature of 65% and reduced cutting forces [40]. Experiments were also
performed to check the machinability by considering the surface roughness. Ti-6Al-
4V was machined in dry, wet and cryogenic conditions to observe the surface
roughness. Surface finish is found consistently better with cryogenic than with dry
and wet [41].
Different gases have been used as a coolant like CO2, air, argon and nitrogen
[42]. Experimental results conducted on Steel AISI 1040 using CO2, O2 and N2 show
that best surface finish is achieved using CO2 then oxygen and nitrogen. Cryogeni-
cally compressed air was used for investigating the chip temperature, cutting force
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which results in the presence of chemical coolants.
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low, and therefore temperature observed at the cutting zone is extremely high.
These facts have called for sustainability in machining and finding the alternate to
conventional oil-based CLF as cooling and lubrication [45–48].
Higher temperatures are observed in the high-speed machining (HSM) that
result in high temperatures at cutting tool and part interface. In the reports it is
given that tooling cost is about 4% of the total machining costs and coolant/lubri-
cation cost is about 15% of total machining cost [49]; therefore huge sustainability
gain is possible by avoiding CLF and using high-performance coated cutting tools
[50]. Titanium alloy (Ti-6Al-4V) is referred to as difficult-to-machine material. It
has low thermal conductivity due to which very high temperatures occur during the
machining at the cutting point. Its mechanical properties are very good for load-
carrying applications due to which it is mostly used in the commercial and military
aircrafts. Figure 5 shows the comparison of machining difficulty level with other
common materials.
This alloy, also called Grade 5 titanium, shows good results when used in appli-
cations where good mechanical and thermal properties along with good strength-to-
weight ratio are the primary objectives. Due to its good results in strong environ-
ments and resistance to corrosion, it is also used in petroleum industries, nuclear
reactors, turbine blades, marine applications and medical implants. Demand of
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titanium parts is extensively increasing for industry of aircrafts such as Boeing 787.
Preparation of titanium parts requires much cost for machining operations.
Due to low thermal conductivity, titanium has poor machinability. Titanium
alloys can be used at temperature of 600°C. Titanium is related to a group of hard
materials like nickel alloys, ceramics and cobalt-chromium alloys. It is important to
cool down the cutting tool temperature in order to improve the cutting tool life,
especially in the case when machining the materials with low thermal conductivity
like Ti-6Al-4V alloy [51].
Coolant in conventional machining is harmful to aquatic organism and may
cause long-term adverse effects in the aquatic environment. It is harmful to the
respiratory system and can cause slight irritation making the environment contam-
inant. Repeated exposure may cause skin dryness. Nitrogen gas is harmless to
environment and worker’s health. Therefore, cryogenic machining nullifies the
exposure to toxic chemicals making it safer for both workers and environment.
2.5 Machining problems of difficult-to-machine materials
In machining of difficult-to-machine materials like Ti-6Al-4V, excessive tool
wear and heat are produced making the surface quality poor [52]. Alternative
solutions of dissipating the heat generated at chip-tool interface and cutting tool
materials are in exploration since the last few years. The main reasons for rapid tool
wear are building of high cutting temperatures. In machining of hard and difficult-
to-machine materials, the conventional CLF (oil-based) does not effectively
decrease the cutting temperatures, and therefore tool life is not increased. It is due
to the fact that the coolants do not access the chip-tool interface which is under high
cutting temperature and vaporize close to the cutting edge. Due to this phenome-
non, the conventional CLF becomes ineffective for machining the materials with
low thermal conductivity and high shear strength.
Dry machining is not recommended at high-speed machining of difficult-to-
machine materials. Such materials are used in aerospace industry and are capable of
bearing high operating temperature like in jet engines.
2.6 Surface finish for metals
The quality of machined parts can be ensured by measuring the surface rough-
ness. The quality of a surface with low roughness value is good over the surface
having greater value of roughness. Surface finish is the important characteristic of
precise devices as poor surface finish results in the problems of malfunctioning,
geometric inaccuracy and excessive wear [53]. Surface finish and dimensional
accuracy of a part greatly affect during its useful service life. Obtaining better
surface finish of microstructures is in focus nowadays [54]. Failure of components
commonly occurs as a result of poor surface of parts; therefore getting good surface
finish is too much important. Researchers paid much attention towards getting good
surface-finished parts using optimization techniques.
Surface roughness is mostly influenced by the feed rate, tool geometry, tool
wear, chatter, tool deflection, cutting fluids and properties of working material.
Other different kinds of factors (Figure 6) can affect the surface roughness.
Most of the researchers have used the machining parameters in their work to
find the response over the surface roughness. For example, the large nose radius of
cutting tool will produce better surface finish than the small nose radius [55]. The
feed rate plays also its role in surface finish that the smaller feed rate yields better
surface finish.
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2.7 Machining cost
Cost of a machined part mainly involves the cost of cutting tools, electrical
energy and labour and coolant cost. High machining cost of titanium alloy Ti-6Al-
4V has made it important to ensure longer tool life by selecting the favourable
cutting conditions [56]. Present competitive trends of manufacturing are focused
on generating the products with low cost and high quality. The cost of machining
was computed based on the machining time, while total cost was calculated adding
the machine cost, setup cost, material cost and non-productive costs [57].
A cost estimation model has been proposed in [58] for optimization of machin-
ing cost which includes material cost, tool cost and overhead and labour cost. In this
proposed model, if the desired cost-effective results are not achieved, then the
feedback is given to a designer for modifications. The feasible process parameters
including cutting speed, feed rate and depth of cut are selected to attain optimum
results. Constraints of cutting tool specification, tolerances, cost, time, machining
sequence and required surface finish are taken into consideration.
3. Sustainability assessment for machining of Ti-6Al-4V
Sustainability of a machining process refers to the impact on environment,
power consumption and safe for operator, which were satisfied in the experimental
works as the cost of tool was reduced in the cryogenic cooling and it also impact on
time saving for tool changing and setup time, which result in increasing productiv-
ity. An advantage of cutting in cryogenic process is evaporating back of cooling gas
(Nitrogen) into air, which ensures the healthy environment for workers.
In experimental work [59], face milling of hardened Ti-6Al-4V at 55 HRC was
carried for dry, conventional and cryogenic cooling conditions. Experiment model
was designed using software design expert and technique of central composite
design (CCD) was selected. Surface finish as response was checked and compared
for each scenario of cooling. Resulting values of surface finish were compared based
on iso-response technique, and the cutting power, cutting time, material removal
rate, machining cost and cutting tool life were calculated as given in following
sustainability parameters:
Cutting power: it was found that the cutting power required in cryogenic
machining is 61.9% less than cutting power required in dry machining.
Machining cost: it is found that electricity cost is 47.55% less than dry machining
and 14.22% less than conventional machining.
Adverse effects of CLF: the adverse effects of conventional coolants are reduced by
replacing the coolant with N2 gas. Corresponding cutting power and machining cost
are also reduced.
Machining time: machining time for cryogenic machining is 15.12% less and for
conventional machining it is 12.51% less than dry machining.
Figure 6.
Parameters that affect surface roughness.
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Preparation of titanium parts requires much cost for machining operations.
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alloys can be used at temperature of 600°C. Titanium is related to a group of hard
materials like nickel alloys, ceramics and cobalt-chromium alloys. It is important to
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respiratory system and can cause slight irritation making the environment contam-
inant. Repeated exposure may cause skin dryness. Nitrogen gas is harmless to
environment and worker’s health. Therefore, cryogenic machining nullifies the
exposure to toxic chemicals making it safer for both workers and environment.
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wear and heat are produced making the surface quality poor [52]. Alternative
solutions of dissipating the heat generated at chip-tool interface and cutting tool
materials are in exploration since the last few years. The main reasons for rapid tool
wear are building of high cutting temperatures. In machining of hard and difficult-
to-machine materials, the conventional CLF (oil-based) does not effectively
decrease the cutting temperatures, and therefore tool life is not increased. It is due
to the fact that the coolants do not access the chip-tool interface which is under high
cutting temperature and vaporize close to the cutting edge. Due to this phenome-
non, the conventional CLF becomes ineffective for machining the materials with
low thermal conductivity and high shear strength.
Dry machining is not recommended at high-speed machining of difficult-to-
machine materials. Such materials are used in aerospace industry and are capable of
bearing high operating temperature like in jet engines.
2.6 Surface finish for metals
The quality of machined parts can be ensured by measuring the surface rough-
ness. The quality of a surface with low roughness value is good over the surface
having greater value of roughness. Surface finish is the important characteristic of
precise devices as poor surface finish results in the problems of malfunctioning,
geometric inaccuracy and excessive wear [53]. Surface finish and dimensional
accuracy of a part greatly affect during its useful service life. Obtaining better
surface finish of microstructures is in focus nowadays [54]. Failure of components
commonly occurs as a result of poor surface of parts; therefore getting good surface
finish is too much important. Researchers paid much attention towards getting good
surface-finished parts using optimization techniques.
Surface roughness is mostly influenced by the feed rate, tool geometry, tool
wear, chatter, tool deflection, cutting fluids and properties of working material.
Other different kinds of factors (Figure 6) can affect the surface roughness.
Most of the researchers have used the machining parameters in their work to
find the response over the surface roughness. For example, the large nose radius of
cutting tool will produce better surface finish than the small nose radius [55]. The
feed rate plays also its role in surface finish that the smaller feed rate yields better
surface finish.
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was computed based on the machining time, while total cost was calculated adding
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results. Constraints of cutting tool specification, tolerances, cost, time, machining
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works as the cost of tool was reduced in the cryogenic cooling and it also impact on
time saving for tool changing and setup time, which result in increasing productiv-
ity. An advantage of cutting in cryogenic process is evaporating back of cooling gas
(Nitrogen) into air, which ensures the healthy environment for workers.
In experimental work [59], face milling of hardened Ti-6Al-4V at 55 HRC was
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was designed using software design expert and technique of central composite
design (CCD) was selected. Surface finish as response was checked and compared
for each scenario of cooling. Resulting values of surface finish were compared based
on iso-response technique, and the cutting power, cutting time, material removal
rate, machining cost and cutting tool life were calculated as given in following
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Cutting power: it was found that the cutting power required in cryogenic
machining is 61.9% less than cutting power required in dry machining.
Machining cost: it is found that electricity cost is 47.55% less than dry machining
and 14.22% less than conventional machining.
Adverse effects of CLF: the adverse effects of conventional coolants are reduced by
replacing the coolant with N2 gas. Corresponding cutting power and machining cost
are also reduced.
Machining time: machining time for cryogenic machining is 15.12% less and for
conventional machining it is 12.51% less than dry machining.
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Material removal rate: the material removal rate is 81.12% more for cryogenic
than dry machining.
Tool life: cutting tool’s life is 5.2 times more for cryogenic cooling which indicates
that the waste in the form of damaged tools is reduced.
4. Conclusions
From the experimental results, it is concluded that cryogenic machining is
recommended for Ti-6Al-4V. Results are satisfying sustainability for eco-friendly
impact on the environment, reducing tooling and energy cost. Efforts can be made
to switch from conventional machining to cryogenic machining which would be
beneficial in reducing machining costs, health risks along with fine surface surface.
The minimum value of surface finish can be obtained by the cryogenic machin-
ing using the coated carbide cutting tools. The cutting tool will not be damaged by
cryogenic cooling ensuring both the sustainability and cost saving. Comparison of
cutting power, cutting time, electricity cost, coolant cost, machine operating cost
and material removal rate (Figure 7) for nearly identical response of surface finish
shows that the cryogenic machining is more sustainable than others.
The results of tool life describe that cutting tool will survive for longer time in
cryogenic cutting conditions than dry and conventional, resulting low cost of tool
for the machining processes. Similarly, the cost evaluation resulted in low machin-
ing cost for cryogenic cooling as compared to dry and conventional. Cryogenic
machining is more affordable and economic as there is no cost of pumping coolant,
very low cost for cutting tool inserts and labour.
Cutting tool inserts were found damaged in dry machining, whereas very low
wear was found in conventional, and no wear was found in cryogenic machining.
Figure 7.
Average response values calculated for nearly identical surface finish.
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The coolant used in conventional machining has its adverse effects on worker’s
health and environment, while the nitrogen gas is harmless. The tool wear rates are
also high for dry and conventional. Summarizing all findings, it can be stated that
cryogenic machining supports the sustainable machining.
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Abstract
Green technology is one of the major aspects in order to reduce the global 
pollution content from manufacturing industries. There is a need to investigate the 
different available tools for high-speed micromilling process of advanced alloys 
to achieve desired surface finish without traditional coolants. In this chapter, tool 
wear investigation of uncoated and PVD-coated AlTiN, TiAlN tungsten carbide 
end mills in high-speed micro-end milling of alpha + beta Ti-6Al-4V ELI titanium 
alloy (Grade 23) under dry cutting conditions was presented. A comparison for 
machining performance with the three tools is reported. Cutting force analysis 
was done under the considered machining input parameters for evaluating the 
tool condition. Tool wear observation was done by SEM analysis. EDX analysis was 
performed to know the material constituents and wear mechanisms on the cutting 
tool tip. It is found that diffusion, oxidation, adhesive and abrasive wear mecha-
nisms were the major phenomena taking place on the cutting edge of micro end 
mills. From the comparison of cutting tools for machining Grade 23 titanium alloy, 
it was found that TiAlN tools performed better than AlTiN and uncoated tungsten 
carbide tools.
Keywords: green technology, micro-end milling, PVD-coated AlTiN and TiAlN 
tungsten carbide end mills, tool wear, titanium alloys, and uncoated tungsten carbide 
end mills
1. Introduction
Titanium and its alloys materials are broadly used in applications like air frame 
components, medical implants/devices, surgical instruments, ballistic armour, 
space vehicles/structures, missile components, navy ship components, chemi-
cal processing equipment, hydrocarbon refining/processing, hydrometallurgical 
extraction/electrowinning offshore hydrocarbon production, desalination, brine 
concentration/evaporation, power generation, automotive, mining, railways and 
sporting goods. The large variety of application is due to its desirable properties, 
mainly the relative high strength combined with low density and enhanced corro-
sion resistance. In terms of biomedical applications, the properties of interest are 
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1. Introduction
Titanium and its alloys materials are broadly used in applications like air frame 
components, medical implants/devices, surgical instruments, ballistic armour, 
space vehicles/structures, missile components, navy ship components, chemi-
cal processing equipment, hydrocarbon refining/processing, hydrometallurgical 
extraction/electrowinning offshore hydrocarbon production, desalination, brine 
concentration/evaporation, power generation, automotive, mining, railways and 
sporting goods. The large variety of application is due to its desirable properties, 
mainly the relative high strength combined with low density and enhanced corro-
sion resistance. In terms of biomedical applications, the properties of interest are 
biocompatibility, corrosion behaviour, mechanical behaviour, process ability and 
availability [1–5].
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In machining of brittle and ductile materials, selection of available tools with 
different grades is a complex matter. Economics and quality of the machining are 
dependent on tool wear. Evaluation and measurement of tool wear in micromilling 
are challenging compared to the conventional machining process. In high-speed 
micromilling based on the surface finish requirement on the desired work material, 
tools with smaller diameter, that is, two flute and four flute end mills, are used for 
superfinishing operation. Two, four and more flute tools having larger tool diam-
eter are used for the roughing operation. Tool wear occurrence in four flutes is lower 
than two flutes as the cutting and load bearing capacity is higher for four flutes in 
roughing and super finishing operations. In super finishing, at high spindle speeds 
for a slotting operation which is single pass cutting, the usage of micro-end mills is 
limited, maybe two to three slots. Burr formation, cutting forces, surface roughness 
and acoustic emission signals observation and analysis information provide the 
tool wear prediction in high-speed micro-end milling. Tool material properties and 
machining parameters decide the tool wear formation. Tool wear of a different kind 
takes place in micromilling because of small cutting edge, microstructure variation, 
difference in work and tool material phases, deformed chips, wrong rake angle tools 
selection shape and a number of flutes, friction and stress induced [6–9] on the tool.
Komanduri and Reed [10] investigated the cutting performance of carbide 
grades and new cutting geometry in turning operation of titanium alloys. They 
observed that prolonged tool life in machining Ti alloys can be obtained at high 
clearance angle and high negative rake angle. Kitagawa et al. [11] investigated the 
temperature and wear of cutting tools in high speed machining of Ti-6Al-6V-2Sn 
and found that temperature plays the major role for tool wear during machining. 
According to Jawaid et al. [12], CVD-coated tools performed well during face mill-
ing of Ti-6Al-4V than PVD tools. They observed nonuniform flank wear pattern on 
both the tools and found that coating delamination, diffusion, attrition, adhesion 
wear mechanisms were responsible factors. Liu et al. [13] investigated cutting forces 
and surface quality in micromilling of TC4 titanium alloy. They found that surface 
quality of machined surface is prone to the influence of burrs and residual chips. 
Nouari et al. [14, 15] investigated CVD tools and uncoated tools performance in 
machining titanium alloy Ti-6242S and they observed almost equal performance of 
both tools. They observed similar physical phenomenon while machining as men-
tioned by Jawaid et al. [12]. Rahman et al. [16] presented a review on high-speed 
machining of titanium alloys especially in turning and milling operations. They 
discussed the performance of coated and uncoated tungsten carbide tools, polycrys-
talline diamond (PCD) tools, cubic boron nitride (CBN) tools, and binderless cubic 
boron nitride (BCBN) tools in terms of cutting forces generation and tool wear. 
They found that BCBN tools performed well in high-speed machining conditions 
and traditional tools in moderate cutting speed conditions. Ginta et al. [17] inves-
tigated tool wear morphology and chip segmentation in end milling of titanium 
alloy Ti-6Al-4V using uncoated WC-Co inserts. They also performed modelling and 
optimization of tool life and surface roughness. They observed abrasion/attrition, 
plastic deformation and diffusion wear processes. They found that combination 
of high cutting speed and feed substantially increases the stress near the nose and 
flank zone, generates high temperature and encourages high wear rate.
Schueler et al. [18] investigated the burr formation mechanisms and surface 
characteristics in micro-end milling Ti-6Al-4V and Ti-6Al-7Nb titanium alloys. Large 
areas were machined to observe the microstructure on the surface and the influence 
on surface quality. Up milling and down milling at the sidewalls were compared. They 
found that down milling is better than up milling. Arrazola et al. [19] investigated 
and compared the cutting forces, tool wear and chip geometry in the machining of 
(α + β) Ti-6Al-4V and near-beta (β) Ti555.3 titanium alloys. They found that adhesive 
125
The Comparison of Cutting Tools for High Speed Machining of Ti-6Al-4V ELI Alloy (Grade 23)
DOI: http://dx.doi.org/10.5772/intechopen.80641
and diffusion wear on cutting tools when machined with both the grades of titanium 
alloys. Specific feed force and cutting force are higher for Ti555.3 alloy than Ti-6Al-4V 
alloy. Chip formation observed was segmented with and without adiabatic shear 
zones in Ti-6Al-4V alloy and narrow adiabatic shear bands for Ti555.3 alloy. Malekian 
et al. [20] investigated tool wear monitoring in micromilling processes to avoid the 
failure of tools during the considered machining conditions. Tool edge radius and 
wear were observed and measured using vision system and as well as gathered sensor 
signals of acoustic emission, acceleration and force data. These data were interpreted 
offline using adaptive neuro-fuzzy inference ystem and compared with experimental 
wear results that were agreeable. Smith et al. [21] investigated surface quality and 
tool wear in micromilling of Ti-6Al-4V using monocrystalline CVD diamond cut-
ting edges with preferential crystallographic orientation. The analyses of tool wear 
and workpiece surface quality proved that monocrystalline CVD diamond cutting 
edges with preferential crystallographic orientation along rake and clearance faces 
can be successfully utilised for interrupted cutting operations (i.e., micromilling) of 
alloys which react with diamond, such as those based on titanium. Zhang et al. [22] 
investigated the cutting forces and tool wear variations during high-speed micro-
end milling of titanium alloy (α + β) Ti-6Al-4V using uncoated cemented tungsten 
carbide tools. They found that due to adhesion, abrasion and diffusion process, tool 
wear takes place and cutting force component Fy, in the considered experiment, has a 
positive relationship with the tool wear propagation.
Ozel et al. [23–25] carried out experimental investigation and finite ele-
ment simulation with CBN tools and uncoated tools in the micromilling of 
Ti-6Al-4V. They found that larger the feed rate, the higher the burr formation, 
surface roughness, temperature generation, cutting forces and tool wear. CBN tools 
had less tool wear and temperature formation than uncoated tools. Wyen et al. [26] 
investigated the influence of the cutting-edge radius on surface integrity in slot 
milling of Ti-6Al-4V with different edge radius tools. As the cutting temperature 
and kinematics influence the up and down machining processes, they thoroughly 
researched on cutting edge radius owing to the temperature generation. They 
found that down milling is better than up milling for surface roughness and burr 
formation which gradually increase with increasing cutting-edge radius from the 
measurements of residual stress and compressive stress generation. Durul and 
Ozel [27] presented review on machining-induced surface integrity in titanium 
and nickel alloys. They reported detailed performance of the different tools, tool 
wear behavior, burr formation, surface topography and FEM simulations. Bajpai 
et al. [28] investigated surface quality and burr formation in HSMEM of Ti-6Al-4V 
and it was found that as cutting speed, feed rate and depth of cut increased, then 
smoother surface finish can be achieved. Burr formation is increased due to incre-
ment in depth of cut. Hou et al. [29] investigated the influence of cutting speed on 
tool wear, flank temperature and cutting force in macro-end milling of titanium 
alloy Ti-6Al-4V using PVD-coated TiN/TiAlN and uncoated tungsten carbide tools. 
They found that high cutting forces were generated when cutting speed is increased 
and increment in mean flank temperature for the coated cutting tools, whereas it 
is almost constant for uncoated tools. At higher cutting speeds, no abrasion and 
fatigue wear were observed for uncoated tools and in contrast with coated tools. 
Kim et al. [30] discussed the machining input parameters influence and found that 
spindle speed and feed rate were the most influencing factors for generating cutting 
forces and burr formation on Ti-6Al-4V. Pervaiz et al. [31] presented a review on 
influence of tool materials on machinability of titanium- and nickel-based alloys. 
Ceramic, PCD, CBN, boronized carbide tools and high pressurised coolant supply 
show good results for machining. They observed that in experimental studies that 
high pressurised coolant supply reduces cutting temperature and improves chip 
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In machining of brittle and ductile materials, selection of available tools with 
different grades is a complex matter. Economics and quality of the machining are 
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ing of Ti-6Al-4V than PVD tools. They observed nonuniform flank wear pattern on 
both the tools and found that coating delamination, diffusion, attrition, adhesion 
wear mechanisms were responsible factors. Liu et al. [13] investigated cutting forces 
and surface quality in micromilling of TC4 titanium alloy. They found that surface 
quality of machined surface is prone to the influence of burrs and residual chips. 
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characteristics in micro-end milling Ti-6Al-4V and Ti-6Al-7Nb titanium alloys. Large 
areas were machined to observe the microstructure on the surface and the influence 
on surface quality. Up milling and down milling at the sidewalls were compared. They 
found that down milling is better than up milling. Arrazola et al. [19] investigated 
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(α + β) Ti-6Al-4V and near-beta (β) Ti555.3 titanium alloys. They found that adhesive 
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and diffusion wear on cutting tools when machined with both the grades of titanium 
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signals of acoustic emission, acceleration and force data. These data were interpreted 
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wear takes place and cutting force component Fy, in the considered experiment, has a 
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Ti-6Al-4V. They found that larger the feed rate, the higher the burr formation, 
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had less tool wear and temperature formation than uncoated tools. Wyen et al. [26] 
investigated the influence of the cutting-edge radius on surface integrity in slot 
milling of Ti-6Al-4V with different edge radius tools. As the cutting temperature 
and kinematics influence the up and down machining processes, they thoroughly 
researched on cutting edge radius owing to the temperature generation. They 
found that down milling is better than up milling for surface roughness and burr 
formation which gradually increase with increasing cutting-edge radius from the 
measurements of residual stress and compressive stress generation. Durul and 
Ozel [27] presented review on machining-induced surface integrity in titanium 
and nickel alloys. They reported detailed performance of the different tools, tool 
wear behavior, burr formation, surface topography and FEM simulations. Bajpai 
et al. [28] investigated surface quality and burr formation in HSMEM of Ti-6Al-4V 
and it was found that as cutting speed, feed rate and depth of cut increased, then 
smoother surface finish can be achieved. Burr formation is increased due to incre-
ment in depth of cut. Hou et al. [29] investigated the influence of cutting speed on 
tool wear, flank temperature and cutting force in macro-end milling of titanium 
alloy Ti-6Al-4V using PVD-coated TiN/TiAlN and uncoated tungsten carbide tools. 
They found that high cutting forces were generated when cutting speed is increased 
and increment in mean flank temperature for the coated cutting tools, whereas it 
is almost constant for uncoated tools. At higher cutting speeds, no abrasion and 
fatigue wear were observed for uncoated tools and in contrast with coated tools. 
Kim et al. [30] discussed the machining input parameters influence and found that 
spindle speed and feed rate were the most influencing factors for generating cutting 
forces and burr formation on Ti-6Al-4V. Pervaiz et al. [31] presented a review on 
influence of tool materials on machinability of titanium- and nickel-based alloys. 
Ceramic, PCD, CBN, boronized carbide tools and high pressurised coolant supply 
show good results for machining. They observed that in experimental studies that 
high pressurised coolant supply reduces cutting temperature and improves chip 
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breakability which results in improved tool life. Increase in the pressure of coolant 
supply also improves tool life. Notch wear was reduced by increasing coolant supply 
pressure when machining titanium alloys.
Hassanpour et al. [32] investigated the cutting force, microhardness, surface 
roughness and burr size in micromilling of Ti-6Al-4V using minimum quantity 
lubrication. They found that cutting speed and feed per tooth significantly affect 
the surface roughness. Bandapalli et al. [33] have investigated the influence of 
machining parameters in high-speed micro-end milling of commercially pure 
titanium Grade 2 and found that cutting forces and surface roughness formation 
increases at high spindle speed by increasing feed rate and depth of cut. Ghani et al. 
[34] investigated the wear mechanism of uncoated carbide cutting tool in milling of 
aluminium metal matrix composite (AlSi/AlN MMC), PVD-coated TiAlN/AlCrN 
tool in milling of Inconel 718 and uncoated tool in turning of Ti-6Al-4V ELI. They 
found that tools failed primarily on two main areas of the flank and rake faces for 
cutting the Inconel 718 and titanium alloy. Wear such as crater, nose wear, abrasion, 
notching, fracturing and cracking were observed. In machining AlSi/AlN MMC, the 
tools mainly failed due to the uniform flank wear that was caused by abrasion.
However, research findings related to considered machining parameters in high-
speed micro-end milling (HSMEM) of titanium alloys for comparison and evalua-
tion of uncoated, PVD-coated TiAlN and AlTiN tools are inadequate. The purpose of 
this research work is to evaluate the performance of tools like uncoated and physical 
vapour deposition (PVD)-coated TiAlN and AlTiN tools in terms of tool wear 
formation in HSMEM of alpha + beta Ti-6Al-4V ELI titanium alloy (Grade 23). The 
goal was to improve the quality or productivity of the specific machining process 
based on empirical experiments using a variety of speeds, feeds and depth of cut. 
This work is categorised into four sections, first with an introduction. Experimental 
details were discussed in Section 2. Results and discussion were presented in 
Sections 3 and 4 and finally Section 5 is presented with conclusions.
2. Experimental details
Standardised experimental tests are carried out on high-speed micromachine 
setup as shown in Figure 1. The work material considered was Ti-6Al-4V ELI tita-
nium alloy (Grade 23) of dimensions 60 × 40 × 4 mm as shown in Figure 2. Chemical 
composition and properties of the work material are shown in Tables 1 and 2. 
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carbide end mills and physical vapour deposition-coated TiAlN and AlTiN tungsten 
carbide end mills of diameter 500 μm supplied by IND-SPHINX Axis tools were 
used in this work as shown in Figure 3. The total length of each machined slot was 
12 mm. Tool over hang length considered was 18 mm. The width of cut is 500 μm as 
the process is slot milling operation. Cutting edge radius of tool identified is 2.71 μm 
through SEM. Coating of the material as specified by the IND-SPHINX Axis tools is 
Figure 2. 
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Chemical composition of Ti-6Al-4V ELI titanium alloy (Grade 23).
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1 30,000 2 0.02 0.37 0.34 0.33
2 30,000 5 0.02 0.39 0.34 0.31
3 30,000 8 0.02 0.41 0.36 0.34
4 30,000 2 0.06 0.46 0.63 0.62
5 30,000 5 0.06 0.57 0.68 0.67
6 30,000 8 0.06 0.69 0.81 0.66
7 30,000 2 0.1 0.75 0.76 1.5
8 30,000 5 0.1 0.82 0.88 1.55
9 30,000 8 0.1 1.01 1.16 1.56
10 70,000 2 0.02 0.09 0.14 0.13
11 70,000 5 0.02 0.21 0.21 0.21
12 70,000 8 0.02 0.37 0.29 0.29
13 70,000 2 0.06 0.15 0.26 0.22
14 70,000 5 0.06 0.31 0.31 0.38
15 70,000 8 0.06 0.47 0.40 0.41
16 70,000 2 0.1 0.21 0.35 0.57
17 70,000 5 0.1 0.43 0.46 0.54
18 70,000 8 0.1 0.56 0.58 0.63
19 110,000 2 0.02 0.12 0.13 0.22
20 110,000 5 0.02 0.31 0.28 0.28
21 110,000 8 0.02 0.49 0.34 0.28
22 110,000 2 0.06 0.16 0.15 0.19
23 110,000 5 0.06 0.37 0.27 0.36
24 110,000 8 0.06 0.56 0.37 0.37
25 110,000 2 0.1 0.18 0.16 0.25
26 110,000 5 0.1 0.46 0.34 0.61
27 110,000 8 0.1 0.67 0.41 0.77
Table 3. 
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2–6 μm. Rake angle of the tool is +5°. Static run-out of the tool was measured as 3 μm. 
No structural vibrations were observed under considered machining conditions. 
Chip thickness observed is about 3 μm. Machining time was 10–12 s for 30,000 rpm, 
6–8 s for 70,000 rpm and 3–5 s for 110,000 rpm.
Parametric experiments, full factorial design 33 = 3 factors, each with three levels, 
33 = 27 total runs were conducted for determining the effect of the process param-
eters on the cutting force and tool wear. Three levels of tool rotation speed—30,000, 
70,000 and 110,000 rpm, that is, cutting velocity of 47, 110 and 173 m/min, three 
levels of feed rate—2, 5 and 8 μm/tooth and three levels of depth of cut—0.02, 0.06 
and 0.1 mm were selected in these experiments. Two sets of experimentation, that is, 
one original and one repetition were performed in which total number of machined 
slots are—162 (27 × 2 × 3 tool types). Six uncoated tools for 54 experiments, 6 TiAlN 
tools for 54 experiments and 6 AlTiN tools for 54 experiments were used in this 
experimentation. End mill was changed with new one after machining nine slots 
on the workpiece for verification and observation of cutting forces and tool wear. 
Coated tools were selected because they provide high wear resistance, withstand 
mechanical and thermal shock, plastic deformation, act as barrier towards wear 
formation, reduce subsurface defects on workpiece by generating less heat, high hot 
hardness, chemical inertness to reduce development of built-up edge and occurrence 
of coating delamination, less burr formation and ability to withstand high cutting 
forces. In accordance with the above view, uncoated and PVD-coated TiAlN and 
AlTiN tungsten carbide end mills were considered in the present research work. Tool 
wear was examined using HITACHI-S3400N scanning electron microscope (SEM) 
equipped with energy dispersive spectroscope (EDS).
3. Results and discussion
3.1 Cutting force analysis
Micro-end milling is one of the most commonly used machining processes and 
has more complex geometry due to its rotating tool, multiple cutting edges and 
intermittent cutting action. Cutting forces are the main cause of the deformations 
of machine tool structures and workpieces resulting in form errors and tolerance 
violations. Although they may affect the structural components of a machine tool 
distributed in a large space, cutting forces are generated in a very small area at the 
work-tool interface. A cutting origin was set through a CCD camera because the 
tool diameter was extremely small and direct origin setting with naked eye was dif-
ficult and could result in significant errors. Cutting forces in three directions Fx, Fy 
and Fz measured using tool dynamometer, and from the signal analyser, the forces 
were interpreted in the computer. Resultant cutting forces were calculated by Eq. 
(1). Experimental results of resultant cutting forces are shown in Table 3.
  F R =  √ 
___________
  F x 2 +  F y 2 +  F z 2 (1)
3.1.1 Micromilling with uncoated tools
At 30,000 rpm, if depth of cut and feed is varied, then resultant cutting force 
increased by 63% as shown in Figure 4(a). At 70,000 rpm, if depth of cut and feed 
is varied, then resultant cutting force increased by 87% as shown in Figure 4(b). 
At 110,000 rpm, if depth of cut and feed is varied, then resultant cutting force 
increases by 83% as shown in Figure 4(c).
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2–6 μm. Rake angle of the tool is +5°. Static run-out of the tool was measured as 3 μm. 
No structural vibrations were observed under considered machining conditions. 
Chip thickness observed is about 3 μm. Machining time was 10–12 s for 30,000 rpm, 
6–8 s for 70,000 rpm and 3–5 s for 110,000 rpm.
Parametric experiments, full factorial design 33 = 3 factors, each with three levels, 
33 = 27 total runs were conducted for determining the effect of the process param-
eters on the cutting force and tool wear. Three levels of tool rotation speed—30,000, 
70,000 and 110,000 rpm, that is, cutting velocity of 47, 110 and 173 m/min, three 
levels of feed rate—2, 5 and 8 μm/tooth and three levels of depth of cut—0.02, 0.06 
and 0.1 mm were selected in these experiments. Two sets of experimentation, that is, 
one original and one repetition were performed in which total number of machined 
slots are—162 (27 × 2 × 3 tool types). Six uncoated tools for 54 experiments, 6 TiAlN 
tools for 54 experiments and 6 AlTiN tools for 54 experiments were used in this 
experimentation. End mill was changed with new one after machining nine slots 
on the workpiece for verification and observation of cutting forces and tool wear. 
Coated tools were selected because they provide high wear resistance, withstand 
mechanical and thermal shock, plastic deformation, act as barrier towards wear 
formation, reduce subsurface defects on workpiece by generating less heat, high hot 
hardness, chemical inertness to reduce development of built-up edge and occurrence 
of coating delamination, less burr formation and ability to withstand high cutting 
forces. In accordance with the above view, uncoated and PVD-coated TiAlN and 
AlTiN tungsten carbide end mills were considered in the present research work. Tool 
wear was examined using HITACHI-S3400N scanning electron microscope (SEM) 
equipped with energy dispersive spectroscope (EDS).
3. Results and discussion
3.1 Cutting force analysis
Micro-end milling is one of the most commonly used machining processes and 
has more complex geometry due to its rotating tool, multiple cutting edges and 
intermittent cutting action. Cutting forces are the main cause of the deformations 
of machine tool structures and workpieces resulting in form errors and tolerance 
violations. Although they may affect the structural components of a machine tool 
distributed in a large space, cutting forces are generated in a very small area at the 
work-tool interface. A cutting origin was set through a CCD camera because the 
tool diameter was extremely small and direct origin setting with naked eye was dif-
ficult and could result in significant errors. Cutting forces in three directions Fx, Fy 
and Fz measured using tool dynamometer, and from the signal analyser, the forces 
were interpreted in the computer. Resultant cutting forces were calculated by Eq. 
(1). Experimental results of resultant cutting forces are shown in Table 3.
  F R =  √ 
___________
  F x 2 +  F y 2 +  F z 2 (1)
3.1.1 Micromilling with uncoated tools
At 30,000 rpm, if depth of cut and feed is varied, then resultant cutting force 
increased by 63% as shown in Figure 4(a). At 70,000 rpm, if depth of cut and feed 
is varied, then resultant cutting force increased by 87% as shown in Figure 4(b). 
At 110,000 rpm, if depth of cut and feed is varied, then resultant cutting force 
increases by 83% as shown in Figure 4(c).
Titanium Alloys - Novel Aspects of Their Manufacturing and Processing
130
3.1.2 Micromilling with TiAlN tools
At 30,000 rpm, if depth of cut and feed is varied, then resultant cutting force 
increases by 81.7% as shown in Figure 4(a). At 70,000 rpm, if depth of cut and feed 
is varied, then resultant cutting force increases by 85.14% as shown in Figure 4(b). At 
110,000 rpm, if depth of cut and feed is varied, then resultant cutting force increases 
by 78% as shown in Figure 4(c).
3.1.3 Micromilling with AlTiN tools
At 30,000 rpm, if depth of cut and feed is varied, then resultant cutting force 
increases by 82.6% as shown in Figure 4(a). At 70,000 rpm, if depth of cut and feed 
is varied, then resultant cutting force increases by 87% as shown in Figure 4(b). At 
110,000 rpm, if depth of cut and feed is varied, then resultant cutting force increases 
by 85% as shown in Figure 4(c).
From the experimentation, it is observed that the resultant cutting force increase 
might be due to the increment in feed rate and depth of cut, leading to more chip 
formation, high contact between tool and chip, high-temperature formation by 
shearing and ploughing action reducing the yield strength of work material. It was 
observed that when spindle speed is increased, while the depth of cut and feed rate 
is kept at low, then cutting force generated was less. When depth of cut and feed 
rates are reduced, the chip load encountered in the process becomes the same order 
of magnitude as the grain size of many alloys. The cutting-edge radius of the end 
mill is comparable in size to the chip thickness. As a result, no chip is formed when 
the chip thickness is below the minimum chip thickness and instead part of the 
work material plastically deforms under the edge of the tool and the rest elasti-
cally recovers. This change in the chip formation process, known as minimum chip 
thickness effect and the associated material elastic recovery cases, increased cutting 
forces and surface roughness. Observed irregularity on the machined surface due 
to the plastic side flow and burr formation seem to suggest that the tool workpiece 
interaction is more likely to be elastic-plastic in nature. Due to the increment in 
feed rate, depth of cut and cutting speed, the tool wear and cutting-edge distortion 
took place that leads to more cutting force requirement to remove the material. At 
30,000 rpm, uncoated tools performed better than both the coated tools. Uncoated 
tools produced less cutting force compared to coated tools because of tools stability 
and resistance to wear. At 70,000 rpm, 0.02 and 0.06 mm depth of cut with feed 
2–8 μm/tooth, the uncoated tool required more cutting force to remove the material 
rather than both the coated tools. At 70,000 rpm, 0.1 mm depth of cut with feed 
2–8 μm/tooth, the uncoated tool is found to generate less cutting force than both 
the coated tools. At 110,000 rpm, coated TiAlN tools are better performed than 
coated AlTiN and uncoated tools, which is due to increase in cutting temperature 
in the shear zone, thus reducing the yield strength of the workpiece material, chip 
thickness and tool-chip contact length. If coated TiAlN and coated AlTiN tools are 
compared, then performance of TiAlN tools is better. Depending on the particular 
parameters during machining processes, uneven phenomenon (sudden tool or 
spindle vibration, sudden workpiece movement) occurs, leading to increase of 
cutting forces. SEM and EDS analyses are performed to identify the wear and its 
formation mechanism on two flutes of each tool, that is, uncoated and PVD-coated 
AlTiN, TiAlN tungsten carbide end mills as shown in Figures 5 and 6. Tool wear 
on particular end mill is observed using SEM after machining nine slots for each 
set of spindle speed as shown in Figures 7–12. Tool wears measured on each cut-
ting flute in two series of experiments have been considered and average values are 
reported as shown in Figure 13. Coated TiAlN tool wear was high at spindle speed 
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30,000 rpm machining conditions than uncoated and coated AlTiN tools. Uncoated 
tools produced less wear than both the coated tools at spindle speed 70,000 rpm 
machining conditions. Coated TiAlN tools produced less wear than AlTiN-coated 
and uncoated tools at spindle speed 110,000 rpm machining conditions. Tool wear 
is increased for all the tools when the feed rate and depth of cut for the considered 
spindle speed is increased. Adhesive wear, edge chipping, flaking, coating delami-
nation and measured tool wear that were observed under SEM at different machin-
ing conditions are shown in Figures 7–12.
Figure 4. 
Comparison of (a) uncoated, (b) coated TiAlN and (c) AlTiN WC tools for resultant cutting force (N) at 
independent spindle speed (rpm), feed (μm/tooth), depth of cut (mm).
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3.1.2 Micromilling with TiAlN tools
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30,000 rpm machining conditions than uncoated and coated AlTiN tools. Uncoated 
tools produced less wear than both the coated tools at spindle speed 70,000 rpm 
machining conditions. Coated TiAlN tools produced less wear than AlTiN-coated 
and uncoated tools at spindle speed 110,000 rpm machining conditions. Tool wear 
is increased for all the tools when the feed rate and depth of cut for the considered 
spindle speed is increased. Adhesive wear, edge chipping, flaking, coating delami-
nation and measured tool wear that were observed under SEM at different machin-
ing conditions are shown in Figures 7–12.
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Comparison of (a) uncoated, (b) coated TiAlN and (c) AlTiN WC tools for resultant cutting force (N) at 
independent spindle speed (rpm), feed (μm/tooth), depth of cut (mm).
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Figure 7. 
(a–d) Tool wear observation for uncoated tools.
Figure 5. 
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Figure 8. 
Coated TiAlN tool wear at (a and b) 30,000 rpm and (c and d) 70,000 rpm.
Figure 9. 
Coated TiAlN tool wear at 110,000 rpm.
Figure 10. 
Coated AlTiN tool wear at 30,000 rpm.
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(a–d) Tool wear observation for uncoated tools.
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Figure 8. 
Coated TiAlN tool wear at (a and b) 30,000 rpm and (c and d) 70,000 rpm.
Figure 9. 
Coated TiAlN tool wear at 110,000 rpm.
Figure 10. 
Coated AlTiN tool wear at 30,000 rpm.
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Figure 11. 
Coated AlTiN tool wear at 70,000 rpm.
Figure 12. 
Coated AlTiN tool wear at 110,000 rpm.
3.2 EDS results
The observed elemental composition on the worn surface of uncoated, coated 
TiAlN and AlTiN WC tools while machining the Ti-6Al-4V ELI titanium alloy 
(Grade 23) are shown in Tables 4–6.
SEM and EDS analysis for the considered machining operating parameters 
indicate the built-up edge, built-up layer and craters appearing at rake face and 
flank face of the cutting tool representing the adhesive, diffusion, abrasive and 
oxidation wear phenomenon on the tool surfaces. Wear confirmation process on the 
tool materials was discussed below.
3.2.1. SEM observations
SEM examination of the leading cutting edge for coated and uncoated tools 
indicates plastic deformation, adhesion wear, chipping and flaking as shown in 
Figures 7–12. In addition, coating delamination at the tool cutting edge and signifi-
cant changes in the tool shape was observed under the SEM. Tool material reacts 
with titanium alloy by means of high chemical reaction, forming adhesive wear. 
During the tool-workpiece interaction, adhesive layers of tool material will break 
down that progresses to adhesion wear. The intimate contact between the tool and 
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chip interface leads to the friction and high-temperature generation, stipulating 
the transmission of atoms from tool material losing its hardness and ultimately 
breakdown happens. It appears that both coated and uncoated tool materials were 
Figure 13. 
Tool wear versus different machining conditions.











EDS analysis results for uncoated tools.











EDS analysis results for coated TiAlN tools.
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Coated AlTiN tool wear at 110,000 rpm.
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subjected to thermal and mechanical loads and could not be able to resist the 
wear during the interrupted cutting in the end milling process. The chip shape, 
segmented or continuous, decides the cutting temperature formation inciting to 
thermoplastic shear localization at the contact length, resulting in the diffusion 
process. The chip constituents and the rate of diffusion are controlled by cutting 
temperature. In the machining of titanium alloys, the machining parameters, 
particularly, cutting speed, influence the cutting temperature origination at the tool 
edge for initiating the diffusion process. The earlier researchers verified that cutting 
speeds generate high cutting temperature, a short contact length, a low shear angle 
and a high cutting pressure. Chip segmentation and tribological parameters—the 
physical medium—may be causing the coating delamination for both the coated 
tools while machining the titanium alloy. Since the thermal conductivities of the 
coating constituents are different, the heat flux q flows through the coating layer 
and penetrates the tool substrate. The reason behind the diffusion process at the 
tool substrate surface might be due to chemically instable Co binder elements. 
Adhesive surface between the coating layer and tool substrate surface was com-
pletely eliminated gradually by diffusion process as depicted in Figures 7–12 and 
confirmed through EDS analysis.
3.2.2 EDS analysis
Adhesive, diffusion, abrasive and oxidation wear were the major means on 
the flank face. The elements observed on the cutting tool edge and workpiece 
indicate the diffusion process has taken place. From the EDS and SEM analyses, 
the existence of workpiece material constituents V, Al and Ti on the rake face 
wear land with built-up layer of cutting edge indicates diffusion might take place. 
Increasing cutting speed leads to the decrease in presence of V and Al at the tool 
cutting tool tip and it might be imaginable that Ti only sticks to the cutting tool 
edge. It has therefore been considered reasonable to suggest that the built-up layer 
was started through the sticking of Ti by different bonding actions, that is, directly 
proportional with temperature. Under very high speed cutting conditions, tool life 
depends directly on the formation of crater wear. Thin titanium oxide layer forma-
tion was observed on cutting edge of both the tools. In high-speed cutting condi-
tions, cratering becomes so severe that the tool edge is weakened and eventually 
fracture which has been observed for the AlTiN and TiAlN tools at 110,000 rpm 
spindle speed, 0.1 mm depth of cut and 8 μm/tooth feed rate. At higher and lower 
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spindle speeds, existence of cobalt (Co) was very negligible. This indicates that 
Co diffusion might take place from the tool material constituents allowing it to 
wear easily. Through the EDS analysis, the amount of carbon presence indicates its 
transfer from cutting tool material into the workpiece material, that is, diffusion 
process might be taking place. This transfer of carbon reacts with titanium forming 
TiC layer which is continuous at higher speeds known as chemical wear process, 
leading to crater formation on tool material as observed by earlier researchers. The 
occurrence of crater wear might be due to chip-tool contact stresses generation, 
depleting the C and Co from cutting tool. An adherent layer of TiC formation exists 
on the cutting edge due to the chemical reaction between the titanium workpiece 
and the cutting tool material. Formation of oxycarbides on the surface indicates 
the existence of oxygen. Earlier researchers suggested this existence by Auger 
spectroscopy Analysis. Researchers also suggested that TiC grains removal might be 
taking place from the cutting tool because of reduction in toughness as the diffusion 
process takes place. Replenishing of TiC grains on the tool surface will probably 
occur by obtaining C from WC grains [3, 12–17, 21–29, 32]. The presence of Mo, Ni, 
Br, Cr, Fe and V indicates the work material composition diffusivity to the tool tip. 
Sulphur (S), silicon (Si) and magnesium (Mg) act as protective layer or barrier for 
adhesive wear and prevent the welding and stiffening of the work material in the 
tool surface. Through EDS analysis, it can be predicted that coating delamination in 
the initial stages may be due to mechanical wear later on by chemical mechanisms.
4. Conclusions
Tool wear analysis of PVD-coated TiAlN and AlTiN and uncoated tungsten car-
bide tools in high-speed micro-end milling of alpha + beta Ti-6Al-4V ELI titanium 
alloy (Grade 23) was investigated by tool wear mechanisms formation using SEM 
and EDS analysis and cutting force analysis. If the spindle speed is maintained at 
constant rpm while increasing feed rate and depth of cut, then tool wear increases 
dramatically. By increasing spindle speed from 30,000 to 70,000 rpm while varying 
feed rate and depth of cut, then (i) tool wear remains constant for uncoated tools, 
(ii) tool wear increases for AlTiN-coated tools and (iii) tool wear remains constant 
for TiAlN-coated tools. By increasing spindle speed from 70,000 to 110,000 rpm 
while varying feed rate and depth of cut, then tool wear increases for all the tools. 
If coated TiAlN and coated AlTiN tools are compared, then TiAlN tools performed 
better for machining this alloy. Based on the investigations, it can be suggested that 
PVD-coated TiAlN tungsten carbide tools give better performance than PVD-
coated AlTiN and uncoated tungsten carbide tools in HSMEM at 110,000 rpm when 
machining alpha + beta Ti-6Al-4V ELI titanium alloy (Grade 23). SEM and EDS 
analyses for the considered machining operating parameters indicate the built-up 
edge, built-up layer and craters appearing at rake face and flank face of the cutting 
edge representing the adhesive, diffusion, oxidation and abrasive wear phenom-
enon on the tool surfaces when machined on both titanium alloys. Based on the 
investigations, the tool and work material properties, feed rate, depth of cut and 
cutting speed influence the tool wear.
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transfer from cutting tool material into the workpiece material, that is, diffusion 
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for TiAlN-coated tools. By increasing spindle speed from 70,000 to 110,000 rpm 
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edge representing the adhesive, diffusion, oxidation and abrasive wear phenom-
enon on the tool surfaces when machined on both titanium alloys. Based on the 
investigations, the tool and work material properties, feed rate, depth of cut and 
cutting speed influence the tool wear.
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